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ABSTRACT 
This thesis investigates the behaviour of stiffener 
outstands in flat and curved panels subject to uniaxial 
compression and ring stiffened shells under uniform 
external pressure. 
A literature review has been carried out highlighting 
the fact that limited research work relating to tripping 
has been carried out, particularly in relation to ring 
stiffened shells. 
The use of a fully nonlinear finite element package 
has been adopted in order to investigate behaviour by 
carrying out parametric studies on stiffened plates 
subject to uniaxial compression with both flat and tee bar 
stiffeners, stringer stiffened shells with flat bar 
stiffeners subject to uniaxial compression and ring 
stiffened shells under uniform external pressure with both 
flat and tee-bar ring stiffeners. 
Existing experimental work has been correlated with 
the package. In general good agreement was obtained. The 
validity of a previous theoretical formulation based on 
rigid plastic theory for flat panels stiffened with flat- 
bar stiffeners has also been confirmed, although for 
stocky panels the unloading curves from the plastic 
mechanism were slightly conservative. 
The parametric studies carried out highlighted the 
complexity and unstable nature of a tripping failure mode. 
For the plates, plate buckling effects had a strong 
influence on the outstand behaviour although no 
significant weakening effects were noted due to any 
interaction effects. For the ring stiffened shells the web 
slenderness appeared to be the controlling factor for tee- 
rings with the flange slenderness having little effect. 
A plastic mechanism approach to describe the 
I 
unloading response of a flat-bar ring stiffener subject to 
external pressure has also been developed. In general good 
agreement was obtained with the finite element analyses 
for the stiffener response. The shell response was not 
well modelled due to the neglect of any shell buckling 
effects in the mechanism approach. Peak load predictions 
were good for stocky cases. 
Comparisons with existing design codes appear in 
general to be satisfactory with slight conservatism in 
certain cases. 
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CHAPTER ONE 
INTRODUCTION AND LITERATURE REVIEW 
1.1 INTRODUCTION 
The stability of stiffened plate and shell structures 
has been studied for more than 100 years and a vast number 
of papers on the subject has been published. These types 
of structures are used extensively in a wide range of 
engineering applications, including submarines, bridges, 
aircraft, satellites, ships and offshore structures. 
Stiffeners can be incorporated into these structures 
to increase the efficiency of the plated components by 
reducing the weight of the component and by increasing the 
buckling resistance of the structure. 
The use of more slender, lighter members is becoming 
more apparent in the field of engineering structures, 
particularly in the offshore industry where the adoption 
of floating structures is being considered. Traditional 
off shore structures made from steel have been fixed to the 
seabed and their selfweight has not been the major factor 
in their design. For the new generation of floating 
platforms proposed, weight is far more important as 
bouyancy requirements need to be satisfied and dead weight 
has a direct influence on payload. This will necesitate 
the use of more slender members which will require a more 
thorough analysis to be carried out, particularly with 
respect to buckling. This will require a more rational 
design approach in certain areas of buckling, particularly 
with respect to stiffener outstands if significant savings 
are to be made in weight and economy of fabrication. 
Previous data on the buckling behaviour of outstands, 
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particularly with respect to the more localised torsional 
buckling mode termed tripping, appear to be inadequate to 
formulate a rational design procedure in some cases. 
Clearly this is one area which requires further study, 
particularly in the case of ring stiffened shells, if the 
trend towards lighter structures continues. 
In order to overcome the lack of design information 
in this particular area, the Department of Energy has 
provided funding to investigate outstand behaviour in both 
plate and shell structures as part of their ongoing 
funding of research work in the offshore industry. Some of 
the work carried out in this thesis was also funded by the 
Science and Engineering Research Council. 
The literature review which follows is by no means 
definitive as a large volume of work exists on the 
subject. However the main developments have been 
highlighted and a more detailed review on outstand 
behaviour is given. 
1.2 BRIEF REVIEW OF UNSTIFFENED PANELS 
1.2.1 Introduction 
Although the subject of unstiffened panels is not 
being considered in this review, it was felt necessary to 
mention briefly some important aspects of unstiffened 
plate behaviour, as they have important design 
implications. 
1.2.2 Postbuckling behaviour of unstiffened plates 
One of the earliest developments in this field, which 
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has had a major impact on the design of plates is due to 
von Karman[1.1]. In 1910 he extended work carried out by 
Foppl[1.2] who developed a large deflection theory for 
thin plates assuming that the bending stresses were small 
in comparison with the membrane stresses. Von Karman 
extended this work to account for the flexural rigidities 
of the plate. 
Although von Karman's equations were developed in 
1910, it was not until 1942 that they were solved by 
Levy[1.3]. He obtained general solutions of the equations 
by expressing the deflections and loading as a double 
Fourier series. Numerical results were obtained for a 
rectangular plate subject to various loading and boundary 
conditions. 
Prior to the solution of the von Karman equations by 
Levy, a number of authors published work on the large 
deflection behaviour of plates using an energy method. The 
most accurate solution was presented by Marguerre[1.4] in 
1937, who considered a simply supported rectangular plate 
in compression. He assumed that the sides remained 
straight after buckling but were free to move laterally. 
The compressive stress distribution was no longer uniform 
and the longitudinal stiffness decreased with increasing 
load. 
Fromm the large deflection theory developed by von 
Karman, it was evident that the ultimate load of plates 
was well in excess of the critical stress. It was also 
known that as the deflections of the plate increased, a 
redistribution of membrane stresses occurred in a non- 
linear manner, with a concentration at the longitudinal 
edges. 
Experimental work carried out in 1930 by Schuman and 
Back[1.5] and in 1932 by Sechler[1.6] supported these 
theoretical predictions. Based on these experimental 
predictions, von Karman[1.7] developed a semi-empirical 
formula for the ultimate strength of a simply-supported 
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plate in uniaxial compression. He considered that in the 
post-buckling regime the applied loading is carried by two 
edge strips parallel to the direction of loading. The 
strips were considered to act as simply-supported plates 
of width be which would collapse when their critical stress 
equalled the yield stress. 
Initially, the concept was extensively used in the 
aircraft industry but the formula was later modified by a 
number of investigators to be applied to a wide variety of 
engineering applications. Since that time much more 
detailed plate information has become available from 
numerous experimental and numerical studies. 
1.3 ORTHOGONALLY STIFFENED PLATES 
1.3.1 Early developments 
During the 1920's and 30's, a great deal of 
theoretical work relating to plate buckling was carried 
out in the aircraft industry. The main requirement was for 
lightweight structures, which prompted a study of the pre- 
and post-buckling behaviour of stiffened panels. Most of 
the theoretical techniques used an energy approach. 
Timoshenko[1.8] was the first person to consider the 
stability of rectangular plates reinforced with 
stiffeners. He applied an energy method and obtained 
approximate solutions for rectangular plates having 
longitudinal or transverse stiffeners under various 
loading conditions. An important aspect of the work was 
the fact that he established minimum stiffener rigidities 
required to restrict the buckling in a stiffened plate to 
the plating between the stiffeners and a series of design 
tables were drawn up for the design of stiffened plates. 
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Numerous other solutions were proposed[1.9,1.10] but 
all neglected the response of the stiffener. They assumed 
that the stiffener had an adequate moment of inertia to 
support the plate but no consideration was given to the 
stability of the stiffener. The stiffeners were normally 
sized such that no lateral deflection occurred at the 
onset of plate buckling. 
At this stage most of the plate work was carried out 
by the aircraft industry who were satisfied with the above 
methods as long as the integrity of the structure during 
operation and the strength/weight and stiffness/weight 
ratios gave the desired performance. Their designs were 
based on the knowledge that the stiffened plate could 
sustain a load considerably greater than the buckling 
stress due to the development of membrane action. The 
plate was made extremely thin, knowing that the load could 
be carried by the stiffeners. 
One of the first investigators to consider the effect 
of the torsional rigidity of the stiffener on the critical 
stress was Chwalla[1.11]. He showed that the torsional 
rigidity had considerable influence upon the critical 
stress of the plate. 
Windenburg[l. 12] also considered the torsional 
rigidity of a tee-stiffener welded to flat plating. He 
considered the proportions of the web and flange required 
to assure the plate stability and combined his approach 
with previous methods for determining required moments of 
inertia to produce a single chart from which a stiffener 
can be selected-All of the approaches discussed above were 
carried out in the 1930's. It was not until 40 years later 
that the methods were again considered in a major way. 
Adamchack[l. 13] extended Windenburg's approach to 
cover a wider range of loading conditions and predicted 
torsional critical buckling stresses for both flat and 
tee-bar stiffeners welded to flat plates. Faulkner [1.14] 
also extended the energy approach to allow for the varying 
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constraint provided by the plate to the stiffener. 
Faulkner et al[l. 15] have also extended the approach to 
allow for inelastic effects using a modified tangent 
modulus approach. 
1.3.2 Orthotropic plate approach 
In this technique, the stiffeners are effectively 
smeared over the area of the plate and anisotropic 
rigidities are derived for two orthogonal directions. This 
effectively implies that the local stiffener response 
cannot be examined. Also the method does not give any 
indication of local panel buckling, and yielding of the 
orthotropic section will bear little resemblance to that 
of the real panel. Despite these limitations it is simple 
to use and understand and providing the above limitations 
are considered, a reasonable degree of accuracy can be 
achieved. 
A number of numerical techniques have been applied to 
solve the large deflection problem of laterally loaded 
orthogonally stiffened plates with various boundary 
conditions. 
Early work carried out in this field was reviewed by 
Dowling[l. 16], who adopted this approach to study the 
response of stiffened plate bridge decks under 
concentrated wheel loads. 
Soper [1.17] employed a series technique assuming both 
clamped and simply-supported longitudinal plate edges. Two 
anisotropic plates were adopted, one to deal with the out- 
of-plane effects and one with membrane effects. 
The above technique was later improved by adopting a 
finite difference approach proposed by Basu and 
Chapman[l. 18]. A wide range of boundary conditions was 
considered and changes were made to allow for different 
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orthogonal rigidities. Aalami[1.19] and Aalami and 
Chapman[1.20] extended the technique to investigate plates 
under combined lateral and in-plane loading and adopted 
graded meshes to improve the modelling of concentrated 
loads. 
The techniques mentioned above have all considered 
the anisotropic plate to remain elastic. An attempt has 
been made by Kagan and Kubo[1.21] to allow for material 
nonlinearity in the stiffeners but not in the plates. The 
method involved determining the anisotropic plate 
displacements from which stiffener curvatures and hence 
stiffener bending stresses could be determined. The 
stresses were used to check for yield in the outstands and 
if this stress level had been reached a reduced area of 
elastic material was used to calculate rigidities for the 
next load increment. 
Massonet and Maquoi[1.22] investigated the ultimate 
load behaviour of box-girder compression flanges by using 
anisotropic plate theory with more complex expressions for 
bending and torsional rigidities. Collapse was assumed to 
occur when the average inplane stress along the unloaded 
edges reached yield, and the ultimate load was obtained by 
factoring the corresponding mean stress on the loaded edge 
to allow for local panel buckling. 
1.3.3 Finite difference approach 
During the early part of the 1970's, a number of 
steel box-girder bridges collapsed during construction. 
This prompted a large research effort into obtaining a 
greater understanding of box-girder bridge behaviour which 
included the analysis and design of orthogonally stiffened 
panels. 
A popular technique which was developed during this 
research effort was the finite difference approach. In 
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this method the panel is subdivided into a mesh and the 
displacements at the nodes were obtained by expressing the 
governing equations(made up of derivatives) as 
differences. The process is one of numerical 
differentiation which has the disadvantage that large 
errors can accumulate. Another disadvantage is the fact 
that the displacement function is applied across the 
entire panel and cannnot vary from one subdivision to 
another. The equations are solved by means of an iterative 
process. Another popular technique which has been adopted 
was to use dynamic relaxation to solve the finite 
difference form of the governing equations. At first sight 
the problem appears to be made more complex as dynamic 
equations are involved to solve a static problem but this 
is acceptable as it allows a straight forward iterative 
procedure to obtain the solution of the original problem. 
Frieze[1.23] developed an elasto-plastic finite 
difference program by using dynamic relaxation to 
investigate stiffened plate behaviour. He adopted an 
Ilyushin[l. 24] yield criterion, which has the disadvantage 
of overestimating the peak load as it assumes yield to 
occur throughout the section at a single load level. 
Harding[1.25] produced a similar program to Frieze but a 
multi-layer yield approach through the section was 
adopted. This allows the plasticity to develop in a 
gradual process. 
1.3.4 Finite element method 
In this method the plate is subdivided into a series 
of interconnecting elements. The elements can have 
different material properties, or mixed elements can be 
adopted to model the plate and stiffener. The accuracy 
obtained depends on the elements adopted, the mesh density 
and the compatibility conditions applied along the element 
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boundaries. 
An adaptation of the finite element method is the 
finite strip approach. The stiffened panel is idealised 
into a series of strips which are joined together by 
assuming compatibility. The ends of the strips form the 
boundary conditions. This reduces a two dimensional 
problem into a one dimensional problem and a saving in 
computer resources results. 
Fukomoto[l. 26] investigated the response of a simply- 
supported panel under compression reinforced by equally 
spaced flat outstands. The theory was applied such that it 
only applies to panels of low b/tp values, and no initial 
distortions are allowed for. Residual stresses in both the 
plate and stiffener were accounted for and their effect on 
the load capacity was investigated. Fukomoto et al[l. 27] 
later extended the approach to account for tee stiffeners. 
Mofflin[l. 28] based at Cambridge produced a more 
refined approach to Fukomoto et al to determine the 
ultimate buckling strength of plate assemblages. The 
method takes proper account of large deflection theory, 
elasto-plastic behaviour, residual stresses and initial 
imperfections. 
A number of authors have published results on 
stiffened plate analysis using the finite element method. 
Rossow and Ibrahimkhail[1.29] and Wegmuller[1.30] studied 
the behaviour of laterally loaded plates. Rossow and 
Ibrahimkhail[l. 29] developed an elastic analysis for 
stiffened panels with eccentric and concentric stiffeners. 
Wegmuller[1.30] proposed a more complex model which 
was capable of determining the entire load deflection 
behaviour of stiffened panels under lateral loading. A 
layered beam-plate model was adopted to describe the 
process of yielding and the effect of strain hardening was 
included. The method assumes that a high degree of 
plasticity occurs before the deflections become large, and 
that a unit load was applied to the structure with the 
9 
resulting stresses factored to obtain the load at which 
first yield occurs. 
Tvergaard and Needleman[l. 31] investigated the 
behaviour of wide, eccentrically stiffened panels 
subjected to uniaxial compression. Although the plasticity 
was considered in the plate by adopting the flow theory, 
for the stiffeners, the level of direct stress was used to 
predict the yielding of the section. 
One of the most important contributions to the 
analysis of pla$ ticity in plates was carried out by 
Crisfield[l. 32] at the Transport and Road Research 
Laboratories. He developed both a multi-layer yield 
appproach[1.33] using the von-Mises yield criteria and a 
single layer system[l. 33] adopting the Ilyushin yield 
function. A modified Ilyushin yield criteria was also 
proposed[l. 34] and a short parameter study of both 
stiffened and unstiffened panels was carried out. 
1.3.5 Design methods 
A number of other simpler techniques have been 
proposed by various authors to predict the peak load of 
stiffened panels. They have the advantage that they do not 
require as much computer time and are hence cheaper to 
run. However, they do lack the ability to furnish adequate 
information on the panel response. 
Rigid plastic mechanisms have been used in the past 
to predict the unloading response of a stiffened panel. 
Murray[l. 35,1.36] proposed two methods, one for a panel 
under uniaxial compression buckling towards the stiffener 
and the other for the case where the plate buckles away 
from the stiffener and the outstands fails in a tripping 
mode. 
For the first model, Murray adopted a Perry-Robertson 
strut approach and allowed for loss of plate stiffness. 
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The load capacity is obtained when the extreme plate or 
stiffener fibre reaches yield, and simple proposals were 
given for panels loaded in bending and in combined bending 
and axial compression. 
The tripping model[l. 36] was developed assuming that 
three hinges formed in the centre of the stiffener under 
combined bending and axial loading. Unloading curves were 
obtained for a number of different tripping angles. More 
details are give in a later section where tripping has 
been considered in more detail. 
A more complex upper bound mechanism approach was 
developed by Dean[1.37] which was capable of predicting 
unloading curves for stiffened panels subject to complex 
edge and lateral loading. The approach differed from 
traditional rigid plastic mechanisms in that compatibility 
is maintained and the associated flow rules are obeyed. 
This allows the inplane displacements to be predicted more 
accurately as opposed to the usual method in which the 
displacements are found from assumed changes in the 
geometry of the mechanism. 
Horne and Narayanan[l. 38] proposed a method for 
axially loaded plates based on a Perry-Robertson strut 
formula. A column type buckling of the plate was 
considered for both the panel buckling away and towards 
the stiffener. In the latter model, it was assumed that 
the stiffener did not suffer any tripping. Allowance was 
made for the reduction in stiffness due to local panel 
buckling by using a reduced effective width of plate. 
Residual stresses were allowed for by magnifying the 
initial deformation level. The peak load was given as the 
load required to cause yield at the middle-plane of the 
plate or at the extreme fibres of the stiffeners. 
Comparison was made with test results obtained by the same 
authors. 
Chaterjee and Dowling[1.39] also proposed a strut 
approach in which load-shortening curves were derived from 
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a large deflection analysis of isolated panels and these 
were used to allow for loss of plate stiffness. Once the 
ultimate load position on the curves was established, a 
secant stiffness for the plate was defined and from this 
the effective section was determined. This section was 
then analysed as a beam-column and yielding at the middle- 
plane of the plate or extreme fibres of the stiffeners was 
used to define failure. 
A strut approach was also presented by Dwight[1.40] 
and Dwight and Little[l. 41], where a fictitious yield 
approach was adopted to allow for loss of plate 
effectiveness. Here, the actual yield stress was replaced 
by a fictitious value which was obtained from existing 
curves for flat panels for a given plate slenderness. This 
value was then used to determine a column curve and the 
collapse curve was then obtained for the given column 
slenderness. 
Carlsen[l. 42] also proposed two simple strut 
approaches for stiffened panels. One of the models was an 
elastic-plastic column analysis, where the ultimate load 
was obtained from the intersection of the elastic and 
plastic load deflection curves. The second model again 
used a Perry-Robertson type approach. 
1.4 UNSTIFFENED AND RING STIFFENED SHELLS 
1.4.1 Introduction 
As with the previous section, a brief discussion is 
presented on the behaviour of unstiffened shells, as some 
of the early work carried out in this field has important 
implications in understanding the response of stiffened 
shells. This is followed by a discussion of ring stiffened 
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shells, highlighting the main points in the development of 
experimental and theoretical work in this field. A brief 
review of stringer stiffened shells is also given. 
1.4.2 Unstiffened shells 
Some of the earliest work into the behaviour of 
unstiffened shells under axial compression was carried out 
to obtain the buckling load. The solution to the problem 
was obtained independently by Lorenz[1.43], 
Timoshenko[1.44] and Southwell[1.45] at the end of the 
ninteenth cetury. However, when experimental results were 
presented by Lundquist[l. 46] and Donnell[l. 47], who 
adopted shells thin enough to ensure that elastic buckling 
would occur, it was found that the experimental values 
were only between . 15 and . 60 of the theoretical 
predictions. Also, it was apparent that the discrepancy 
increased with increasing shell slenderness, R/ts. It is 
now well established that neglect of initial distortions 
accounted for most of these differences. This highlighted 
a weakness in the classical bifurcation approach and 
confirming that non-linear effects in the pre-buckling 
state needed to be considered. 
One of the first workers in the field who considered 
the effect of initial imperfections was Donnell[l. 47]. He 
presented an approximate large deflection theory and 
defined failure as the load at which the maximum stress 
reached the yield point of the material. Donnells 
equations were adopted by other authors in the field of 
shell stability[1.48,1.49]. 
The inelastic buckling response of cylinders was 
examined by Bijlaard[1.50] for lateral pressure and 
Gerard[1.51] for axial compression. Both recommended the 
application of reduction factors applied to the elastic 
buckling formula. This approach is still quite common in 
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current design rules. 
The highly unstable postbuckling characteristic shown 
by axially compressed cylinders is well known. In severe 
cases a high degree of unloading can occur( where the load 
deflection curve reverses) causing a severe loss in 
loading capacity. This was shown by von Karman and 
Tsien[1.52], who used large deflection theory and a 
summation of three trigonometric terms to approximate the 
radial displacements. The work was centred around previous 
studies on columns supported at the centre by nonlinear 
springs which demonstrated that for some structures the 
critical buckling load was the maximum value for 
equilibrium in a slightly deflected position. The results 
suggested that buckling for initially imperfect shells was 
lower than the critical load confirming previous 
experimental observations. Donnell and Wan[1.48] also 
confirmed the high imperfection sensitivity of cylinders 
under axial compression. They used nonlinear equilibrium 
equations and incorporated initial imperfections. 
One of the main contributors to the post-buckling 
theory of shells was Koiter[l. 53] who presented his work 
in 1963. His theory has since become the main tool for the 
study of buckling phenomena in subsequent years. 
1.4.3 Ring-stiffened shells 
There are three possible buckling modes that a ring 
stiffened shell under static loading may adopt: 
(a) Collapse of the shell between ring stiffeners. This 
mode commonly occurs under axial load by either 
axisymmetric buckling or by buckling into a series of 
lobes around the shell. 
(b) General collapse of the overall shell. This mode is 
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generally characterised by a single half-wave forming 
between the two ends of the shell. The shell and 
stiffeners buckle together in an overall column type 
failure. 
(c) Tripping of the stiffeners caused by loss of 
stiffener lateral stiffness. 
In this section only modes (a) and (b) are 
considered. A separate section has been devoted to a more 
detailed review of the tripping phenomena. 
1.4.3.1 Inter-ring shell failure 
It has already been mentioned previously that this 
mode is commonly associated with axial compressive 
loading. Unfortunately, stiffening by rings is not very 
efficient in resisting axial loads unless the ring spacing 
is small( less than the critical wavelength) and even then 
the design is likely to be inefficient. The shell between 
the rings behaves essentially as an unstiffened cylinder 
of length equal to the ring spacing. Combined axial 
compression and hydrostatic pressure loading represent, 
however a more general loading type and this will be 
reviewed. It has importance in the field of offshore 
structures. 
In the design of ring stiffened shells under external 
pressure, it is normal to design the shell such that panel 
failure between the rings precedes overall failure. As 
such, this mode has received attention over the years. 
Since this mode is similar to that of an unstiffened shell 
under external pressure, this has also been mentioned. 
Early workers in the field who adopted experimental 
techniques to study the collapse of unstiffened shells 
under hydrostatic pressure included Fairburn[1.54], 
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Carmen[1.55], Stewart[1.56], Carmen and Carr[1.57], 
Cook[1.58], and Saunders and Windenburg[1.59]. 
Windenburg and Trilling[1.60] correlated earlier 
theoretical work with experimental tests carried out on 
thirty six cylinders and proposed a simplified form of the 
von Mises formula for design purposes. A number of other 
expressions based on a simplified von Mises formula were 
proposed by Bleich[l. 61] and Batdorf[1.62] 
Donnell[1.63] used thin shell theory to describe the 
equilibrium of a cylindrical shell under hydrostatic 
pressure. Transverse shear was neglected in the analysis. 
His work was furthered by Loo[1.64], Vlasov[1.65] and 
Meck[1.66]. Provost[1.67] compared a number of approaches, 
including those mentioned, and found that the work of 
Vlasov gave the best correlation. 
Stein[1.68] adopted a large deflection theory to 
investigate unstiffened shells under external pressure in 
order to allow for pre-buckling displacements. His work 
showed excellent agreement with experimental results 
obtained by Batdorf[1.62] over the range of parameters 
considered. 
The effect of initial imperfections on the collapse 
load of both unstiffened and ring-stiffened shells was 
studied by a number of authors. Holt[1.69] developed an 
expression based on earlier work by Sturm[1.70] for 
determining the allowable design stress accounting for an 
out-of-roundness imperfection in the cylinder model. The 
results however did not provide adequate correlation with 
early work carried out by Windenburg and Trilling[1.60]. 
Design recommendations were also proposed by 
Windenburg[1.71]. 
The effect of initial imperfections was also 
investigated by Galletly and Bart[1.72] who used classical 
small deflection theory, to establish expressions for 
shells under external pressure with clamped boundaries 
while a slightly modified form of the equations developed 
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by Bander and Berks [ 1.73 ] were used for a simply supported 
condition. The results obtained from the expressions 
established were compared with test results. Good 
correlation was found with work carried out by Holt[1.69] 
which included consideration of initial imperfections. 
The influence of axisymmetric imperfections was 
investigated by Esslinger and Geier[1.74] who based their 
analysis on the theory of Fluegge[1.75]. Determination of 
buckling loads carried out by the approach of 
Kalmin[l. 76], indicated that the critical pressures were 
hardly influenced by the pre-buckling stresses. 
It has already been mentioned that the postbuckling 
formulation of Koiter has been extensively used in 
developing a number of post peak expressions to establish 
the effect of initial imperfections on the critical 
pressure. Axisymmetric[1.77], dimple shaped[l. 78] and 
random imperfections have all been studied. Budiansky and 
Amazigo[1.79] have expressed the imperfection sensitivity 
of both unstiffened and ring stiffened cylinders in terms 
of a post buckling coefficient, the value of which was 
calculated for a wide range of geometries. Current 
offshore design rules[1.80] have adopted their results. 
In the past few years a great deal of research has 
been carried out for the offshore industry. This has 
involved investigating stockier geometries than in the 
past. This has meant the investigation of elasto-plastic 
collapse of shells under combined loading. Both finite 
difference[1.81,1.82,1.83] and finite element[1.84] 
numerical techniques have been adopted by a number of 
researchers [1.85,1.86,1.87,1.88] for providing analytical 
results for the elasto-plastic collapse of offshore 
tubulars under combined axial compression and external 
pressure loading. The research demonstrated the importance 
of initial imperfections and boundary conditions in 
influencing the collapse behaviour. 
The use of rigid plastic theory has also been adopted 
17 
to investigate the unloading response of ring stiffened 
shells under axial and external pressure loading. 
Alexander[l. 89] adopted rigid plastic theory to 
determine the collapse load of a thin cylindrical shell 
under axial loading. Although the model was simple, good 
correlation with experimental results was obtained for 
predicting the mean collapse load. Andronicou and 
Walker[l. 90] later extended the work of Alexander by 
incorporating a flow rule for the von Mises yield 
condition. Initial imperfections were also accounted for 
in the formulation. Good correlation was obtained with 
theoretical large deflection elbs-to-plastic finite element 
results. The predictions of the rigid-plastic mechanism 
also compared well with the experimental results. The work 
of the above three authors was further extended by Tsang 
and Harding[l. 91] to incorporate the analysis of the 
inter-ring panels of a ring-stiffened shell under any 
arbitrary combination of axial and external pressure 
loading. Good correlation was obtained with experimental 
results [ 1.92 ] where failure of the shell was not initiated 
by elastic instability. Results from experiments and the 
mechanism approach showed that the collapse behaviour is 
not imperfection sensitive wher the shell is subject to 
pure lateral pressure. 
1.4.3.2 General collapse 
The general collapse of a ring-stiffened shell under 
external pressure was first considered by Tokugawa[1.93]. 
The formulation was based on elastic stability theory and 
did not account for any interaction between the shell and 
the stiffeners and was not regarded as significant as it 
was independent of stiffener number and ring spacing. 
A number of analytical solutions were presented based 
on energy methods. Bryant[1.94] adopted an energy method 
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to investigate buckling of a stiffened tube but this was 
considered to be unconservative by some 
researchers[ 1.95,1.96]. Empirical design formulae based on 
extensive test results were suggested by Blumenburg[l. 97]. 
A great deal of work on the behaviour of ring 
stiffened shells was carried out by Kendrick[l. 98] at the 
Admiralty Marine Technology Establishment. Kendrick[1.99] 
also used an energy approach to obtain buckling pressures 
for the overall collapse mode. The equations were derived 
assuming simply supported boundary conditions at the shell 
stiffener intersection. The clamped case was considered by 
Kaminsky[l. 100] and Yamamoto[l. 101]. Tests carried out by 
Galletly et al[l. 102] showed better correlation with 
Kendrick[l. 99] than Kaminsky[l. 100]. The assumption of a 
simply supported boundary was subsequently proposed for 
design purposes[l. 102]. The work of Kendrick[l. 99] was 
later modified by Ross[1.103] to allow for a varying 
rotational restraint at the shell-stiffener boundary. Good 
correlation with experimental work was obtained[l. 104]. 
Kendrick [ 1.105 ] was one of the first investigators to 
consider the effects of initial deformations on the 
general collapse mode. Hom[1.106] also considered initial 
imperfections but adopted a different out-of-roundness 
function to obtain a formula for the bending stress 
introduced into the stiffener flange. 
Creswell and Galletly[l. 107] also studied general 
collapse of ring stiffened shells. A theoretical approach 
using energy minimisation was developed. The results were 
compared with a computer program BOSOR 4[l. 108] which 
indicated that the method was efficient in estimating the 
overall collapse of the model with constant ring spacings. 
Only elastic behaviour was considered in the analysis. 
Apart from the energy method, a number of other 
techniques were adopted to investigate the general 
collapse mode. A differential equation approach was used 
by Radok[l. 109]. Fluegge[l. 110] used an orthotropic shell 
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theory to analyse a ring-stiffened shell. 
Plasticity effects on the general collapse mode were 
investigated by Gerard[l. 111], Lunchick[l. 112] and 
Bijlaard[1.113] in the early years. By adopting 
variational principles to a flow theory formulation, 
Lee[l. 114] achieved good correlation with the test results 
of Boichot and Reynolds[1.114]. 
The use of rigid plastic theory to analyse the 
general collapse mode of ring stiffened shells under 
external pressure was adopted by Tsang and Harding[l. 115]. 
Generally satisfactory correlation with theoretical and 
experimental[1.92] results was obtained. 
1.5 STRINGER STIFFENED SHELLS 
In this section only a brief review has been carried 
out. As such it was decided to look at recent research 
carried out in relation to offshore structures. Most of 
the work carried out in recent years has focussed on 
developing simplified analytical techniques with the aim 
of proposing simple design methods. 
Samuelson and Vestergren[l. 116] established a design 
method for axially loaded, stringer stiffened shells which 
has been adopted as the basis for the EEC draft 
rules[l. 117]. Using elastic buckling stresses for a flat 
and curved panel, and adopting orthotropic theory 
developed by Block et al[l. 118], the strength of the 
cylinder was obtained by applying semi-empirical knockdown 
factors for plasticity and initial imperfections. 
Samuelson[l. 119] compared experimental results with the 
approach and found acceptable correlation. 
Applying their reduced stiffness analysis to 
stiffened cylinders under combined loading, Croll and 
Ellinas[l. 120] developed a bifurcation analysis. Boundary 
effects and initial imperfections were incorporated. 
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A number of researchers based at DnV have been 
involved in developing design approaches for shell 
buckling. Some of the work has involved orthogonally 
stiffened as well as stringer stiffened shells. 
Steen and Valsgard[l. 121] investigated the general 
buckling of orthogonally-stiffened shells subject to axial 
compression, external pressure and shear. Two methods were 
established to determine the sizing of rings to avoid 
general buckling. The first ensured that an adequate 
margin existed between the characteristic buckling 
strengths in the general( column type) mode which included 
the rings and the panel mode(between rings). The second 
method considered the most heavily loaded region of the 
shell and applied a yield condition on the stresses in 
that region, into which amplified stresses were input, 
which reflected the influence of initial imperfections and 
pre-buckling displacements. The method was later extended 
by Steen et al[l. 122] to stringer stiffened cylinders 
under combined loading. Experimental results obtained by 
Harding et al[1.1.123] on a series of stocky small-scale 
cylinders were later compared with this approach. Good 
agreement was obtained. 
More recently, Miller et al[1.124] carried out a 
series of tests on ring and stringer stiffened cylindrical 
models under combined loads, the results of which have 
only recently been released. 
1.6 OUTSTAND BEHAVIOUR 
In this section a more detailed study of stiffener 
behaviour has been reviewed. This deals with mainly 
torsional buckling and tripping. Tripping is essentially 
a torsional buckling mode but the wavelength of the buckle 
is very small, of the order of the height of the 
stiffener, and involves the formation of yield lines. A 
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considerable degree of plasticity therefore develops at 
the tripping location. The mode is more likely to occur in 
situations where high axial loads are present in the 
stiffener. For flat plate panels and stringers, this is 
most likely to occur in situations where the panel is 
loaded in axial compression, while for ring stiffened 
shells it is most likely to occur under external pressure. 
The section has been divided into two parts, the 
first dealing with straight stiffeners in flat plates and 
stringer stiffened shells and the second with rings in 
cylindrical shells. 
1.6.1 Straight stiffeners 
One of the first papers to appear on the subject of 
torsional buckling was presented by Windenburg[1.12]. He 
adopted an energy approach to establish the elastic 
critical stress of a tee-bar stiffener welded to a flat 
plate taking due consideration of the proportion of the 
web and flange required to provide stability. Bleich[l. 61] 
also proposed formulae based on an energy approach which 
accounted for web deformations in a tee-bar stiffener 
during buckling. Faulkner[l. 14] also proposed a formula to 
determine the tripping stress of tee-bar stiffeners welded 
to flat plating under uniaxial compression. An energy 
approach was adopted and a method of allowing for the 
change in restraint at the web plate junction was 
accounted for. Upper and lower bounds for the tripping 
stress were obtained by using two different restraints. An 
average of the two was taken as the tripping stress. 
The method adopted by Windenburg and Faulkner was 
later extended by Adamchack to cover a wider range of 
loading conditions and different stiffener shapes. 
Comparison was made with a finite element solution and 
reasonably good agreement obtained. However, it was noted 
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that the mean tripping failure stresses were quite 
sensitive to the estimates of plating effectiveness and 
wide variations in predicted mean stresses were obtained 
in some cases. 
In the design of naval vessels, tripping is 
considered as a possible failure mode in stiffened 
plating. Current U. S. naval design practice[ 1.125,1.13] 
employs an energy approach in combination with design 
equations to ensure that tripping will not occur at any 
stress less than yield. The formulation ignores any 
bending action and assumes that the stiffener is pinned to 
the plating. This is likely to result in a conservative 
estimate of stiffener cross-sections. The Royal Navy 
design code[l. 126] assumes the tripping stress is an 
average of the stiffener tripping stress 
(assuming it to be 
pinned to the plating)and the plate buckling stress. 
Argyris and Dunne[l. 127] also proposed formulae to 
predict the elastic torsional critical buckling stress of 
stiffeners in flat plating for aircraft structures. An 
expression was also derived to predict the critical stress 
in flexure which was coupled with the torsional mode to 
give a flexural torsional critical stress. The method 
adopted involved solving the equilibrium equations for an 
idealised model of the panel. Allowance is made for the 
changing restraint on the stiffener that the plate will 
impose. 
In the proposed design rules for longitudinal 
stiffeners in compression flanges of box-girders, 
Chatterjee and Dowling[l. 128] suggested that for flanged 
stiffener profiles, a slightly modified form of 
Faulkners[l. 14] expression could be used. 
1.6.1.1 Effect of plasticity 
A number of authors have attempted to account for 
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plasticity effects on the tripping strength of stiffeners 
welded to flat plating. Most of the earlier work 
appears to consist of modifying the energy formulations 
mentioned earlier[l. 15,1.13,1.61] for elastic buckling 
using tangent-modulus theory. In the approach of Faulkner, 
a method is also suggested for accounting for plate 
buckling. 
Chatterjee and Dowling[l. 128] also suggested a large 
deflection elastic-plastic analysis for flat bar 
stiffeners where the plate restraining effect is 
neglected. For design purposes, it was suggested that the 
tripping stress should be greater than yield by a value of 
2.25. Based on this requirement, stiffener slenderness 
limits were established in BS5400[l. 129]. 
Rogers[1.130] developed an elasto-plastic analysis 
for predicting the torsional buckling behaviour of hinged 
flat-bars. The approach was essentially a finite element 
solution to the differential equation for torsional 
buckling. Initial imperfections and residual stresses were 
accounted for. The main drawback of his approach was that 
the method can only deal with cases in which the torsional 
critical stress is less than the yield stress. This limits 
the method to slender webs (high dw/tw). Also, flexure of 
the stiffener was not allowed for. The failure mode was 
restricted to purely torsional action. Reasonably good 
correlation was achieved with tests on flat outstands 
loaded in uniaxial compression. Although expressions were 
developed for flat-bar stiffeners, the result could also 
be applied to flanged profiles. 
Rogers[1.131] also proposed a design method for 
determining outstand failure in stiffened panels under 
uniaxial compression. This is based on calculating an 
effective slenderness for the outstand restrained by the 
plating, and using a strength curve establised from 
experimental results on simply supported outstands. A 
range of stiffener shapes was considered and interaction 
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effects of flexural buckling between cross-frames was 
allowed for. 
It has already been mentioned that Murray[1.36] 
adopted rigid plastic theory to obtain unloading curves 
for the tripping response of a flat-bar stiffener in a 
flat panel. This has been discussed in more detail in 
Chapter Four where the approach has been compared with 
theoretical finite element analyses. 
The method of Murray has been extended by 
Shao[l. 132], based at DnV, who developed a plastic 
mechanism to describe the tripping of flat-bar stringers 
in axially compressed cylinders. The approach is similar 
to that of Murray but a yield condition has been 
incorporated into the analysis. Allowance has been made 
for shell buckling effects and an assumed buckling mode 
has been used based on observed experimental work. 
Reasonably good correlation was achieved with the 
experimental stress-strain curves. 
Some numerical studies have also been carried out at 
DnV [ 1.13 3] using both finite element and finite difference 
computer packages to study the torsional behaviour of 
flat-bar stringers. The main aim of the study was to 
correlate the results from various packages in order to 
minimise discrepancies in the alternative codes. A short 
parametric study was also carried out. 
Caridis and Frieze[1.134] developed a dynamic 
relaxation technique to solve the differential equation 
describing lateral torsional behaviour. Material 
nonlinearity was allowed for using the von Mises yield 
condition in conjunction with the Prandtl-Reuss flow rule. 
A series of parameters were investigated using the 
package. Load shortening curves obtained did not show any 
of the rapid unloading expected of a tripping failure. 
This may have been due to the fact that displacement 
loading was applied whichrecVired the displaced edge to 
remain straight, essentially providing a moment restraint 
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to the edge and restricting panel displacements. 
Ronalds and Chapman[1.135] developed a large 
deflection elastic analysis to describe the behaviour of 
a hinged outstand under uniform displacement or stress 
loading. A failure criteric. i based on the concept of first 
yield of the mid-thickness( ignoring surface yielding) was 
proposed as a design method. The elastic nonlinear 
response was compared with a large deflection elastic 
finite element analysis which showed good correlation. 
However, the failure criteritr%proposed was found to be 
significantly non-conservative. Alternative failure 
criteria were also proposed. These were based on first 
yield at either the end or centre of the stiffener using 
surface stresses at these points. This was found to give 
better results, particularly for slender outstands. 
The validity of this approach was further examined by 
Ronalds and Chapman[l. 136] with the use of a nonlinear 
elasto-plastic finite element analysis. It was found that 
the use of a simple analytical approach to predict the 
occurrence of first yield at the loaded end, gave good 
strength correlation with the elasto-plastic finite 
element analysis for a wide range of outstand 
slendernesses. Some codes of practice were found to be 
potentially unconservative in their estimation of outstand 
strength. The study also highlighted the fact that in- 
plane boundary conditions have a marked effect on outstand 
behaviour. Plates constrained along either the loaded 
edges or the unloaded supported edges have a significant 
post-buckling stiffness whereas the post buckling reserve 
of plates with no such constraint is very small. 
The method proposed by Ronalds and Chapman to 
determine the local torsional buckling strength of 
stiffeners by combining an elastic large deflection 
analysis with a failure criterion was further adapted by 
Ronalds [ 1.137 ] to propose a design method for steel plates 
stiffened by slender flat-bar longitudinal stiffeners 
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loaded in compression. The peak loads predicted gave good 
correlation with an elasto-plastic finite element package. 
More recently, a theoretical unloading curve has been 
developed by Bhat and Wierzbicki[l. 138] which was compared 
with the Murray mechanism and some experimental results. 
It was found that the approach of Bhat and Wierzbicki gave 
an improved correlation, particularly for stocky plates. 
The model is based on an adaptation of the Shanley model 
for describing inelastic column buckling. The theory 
allows for elastic unloading in the plate which is given 
as the reason for the improved correlation for stocky 
plates. 
1.6.1.2 Experimental work 
Some of the earliest work carried out to investigate 
torsional buckling was in the aircraft industry. 
Bleich [ 1.61 ] discusses results obtained in the early years 
on aluminium panels. 
In more recent years, some experimental work related 
to bridge and marine structures has been carried out in 
this field. 
Rogers[l. 139]., based at Cambridge University, carried 
out a series' of tests on both flat and bulb flat steel 
outstands to investigate the effect of a series of 
parameters on the torsional stability of the member. Some 
of the results obtained have been used in Chapter Two to 
validate the finite element package used to produce the 
results presented in this thesis. 
A series of stiffened panel tests under axial 
compression was carried out at Manchester University 
relating to box-girder bridges by Horne et 
al[1.140,1.141]. Although both plate and stiffener induced 
failure was examined, it was observed that rapid unloading 
occurred following a stiffener induced collapse, 
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indicating a low post-peak strength reserve. 
A series of tests carried out by Smith[l. 142] at the 
Admiralty Marine Technology Establishment on a 4-bay 
grillages demonstrated the importance of lateral torsional 
buckling as a primary mode of failure in ship structures. 
Tripping was a main cause of failure in two models, one 
under pure axial loading, and the other under a constant 
lateral pressure and an increasing axial load. 
More specific experimental work relating to tripping 
has recently been carried out at DnV[1.143]. A wide range 
of stiffener slendernesses was examined to assess the 
deteriorating effect of a tripping failure. An unstable 
post-peak response, showing rapid unloading was obtained 
for most of the models, particularly for an increasing web 
slenderness. For stocky webs(dG, /tw<11), it was found that 
the full plastic moment of the section was achieved. 
Recently, tests on orthogonally stiffened shells were 
conducted by CBI Industries[ 1 . 1241 in the USA for a number 
of companies. Tripping was observed as a primary failure 
mode in two of the models, subjected to axial loading. 
These two results have been correlated with finite element 
analyses in chapter two. 
1.6.2 Ring stiffeners 
The torsional and tripping behaviour of ring frames 
does not appear to have received a great deal of 
attention. In fact, no full parametric study considering 
elasto-plastic behaviour of rings has been reported to the 
knowledge of this author. 
One of the first papers to appear on the lateral 
stability of tee-rings was presented by Wenk and 
Kennard[l. 144] working at the David Taylor Model Basin. 
They investigated the lateral stability of a tee-ring in 
a cylindrical shell under external pressure. Only 
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axisymmetric deformations were considered. Solving the 
differential equation describing the behaviour, 
expressions for failure stresses were established. The 
effect of initial tilt was also included. 
A great deal of work has been carried at the 
Admiralty Research Establishment into the behaviour of 
ring stiffened shells under external pressure. 
Kendrick[1.145] proposed a design method for determining 
the tripping stress of flat-bar stiffeners. The minimum 
tripping stress for zero rotational restraint is obtained 
from a graph related to the shell parameters and for a 
varying number of circumferential half waves. 
A more rigorous theory has also been proposed by 
Kendrick[l. 98] based on a strain energy approach. A matrix 
is established for which the determinant is zero and an 
iterative technique is used to solve the problem. The 
shell response is neglected in the analysis and a value 
for the rotational stiffness at the toe needs to be 
assessed. The method was developed further by 
Kendrick[l. 146] to include allowance for the shell 
response and which also models the effect of interframe 
instability. The shell and stiffener are treated 
simultaneously and the method calculates the correct 
rotational restraint. 
Creswell and Galletly[l. 107] also proposed an 
approximate matrix method to determine tripping pressures 
in ring stiffened shells. 
Some numerical studies at DnV have been carried out 
on the torsional behaviour of flat-bar rings. This work 
has already been mentioned in section 1.6.1.1 where the 
performance of various computer codes was compared. No 
parametric study for rings was presented. 
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1.7 SCOPE OF THESIS 
Chapter two presents a parametric study of both flat 
and curved panels stiffened longitudinally by flat-bar 
stiffeners and loaded under uniform axial compression, 
using a fully nonlinear finite element package (LUSAS), a 
brief description of which is also given. Comparisons are 
made of existing numerical and experimental data. 
Chapter three also presents a parametric study, using 
the same finite element package, on the behaviour of flat 
and tee-bar ring stiffeners in cylindrical shells under 
external pressure. A number of parameters have been 
investigated which all influence the response of the 
outstand. 
Chapter four introduces a mechanism approach which 
has been developed to establish the unloading response of 
a ring stiffened shell under external pressure, internally 
stiffened with a flat bar ring and suffering a tripping 
failure mode. Initially, a previous tripping mechanism 
developed by Murray °JZA S correlated with some of the 
finite element results of chapter two. This approach was 
then modified to develop the shell model. Elastic loading 
lines for the shell and stiffener response have been 
developed in order to predict a failure load. The 
mechanism has also been used to carry out a brief 
parameter study. 
Chapter five reviews current code requirements in 
relation to outstand failure. Current codes used in the 
offshore industry, BS5400, DnV and BS5500 have all been 
reviewed. Comparisons have been made with the finite 
element results presented in chapters two and three. 
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Chapter six summarises the main conclusions of the 
work together with suggestions for future work. 
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CHAPTER TWO 
PARAMETRIC STUDY OF AXIALLY LOADED FLAT-BAR STIFFENERS 
ATTACHED TO FLAT AND CURVED PANELS 
2.1 INTRODUCTION 
Although extensive studies have been carried out into 
the behaviour of axially loaded longitudinally stiffened 
plates and shells, it is clear from the literature review 
that tripping has not received a great deal of attention. 
Previous studies on longitudinally stiffened 
structures[2.1,2.2] have concentrated mostly on the 
ultimate strength behaviour of the overall stiffened 
panel. Tripping behaviour was avoided in most studies by 
using stocky stiffener cross-sections. 
In engineering practice, angle or tee section 
stiffeners are often used. However, in this chapter only 
flat-bar stiffeners have been investigated to observe the 
basic phenomena, as this reduces the number of variables 
which influence the tripping behaviour. It should be noted 
that the use of flat-bar stiffeners is becoming more 
common[2.3] due to economies in fabrication. However it 
should also be noted that they are inherently more 
unstable due to their low torsional rigidity. 
The parametric studies of this thesis have been 
carried out using the finite element method. The 
application of the finite element method to the 
investigation of stiffened plate and shell structures has 
been succesfully carried out previously by various 
investigators including Tsang[2.4], Agelidis[2.5] and 
Hindi[2.6]. 
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The next section briefly describes the finite element 
package, LUSAS which has been used in this thesis. 
The remainder of this chapter has been split up into 
two sections. The first section deals with the analysis of 
a flat bar stiffener loaded in axial compression with and 
without asssociated flat panels. The analysis of a single 
stiffener without associated plating was carried out in 
order to investigate the possibility of using a simplified 
model in order to reduce computer costs. The second 
section deals with the analysis of a stringer stiffened 
shell in order to investigate the effect of the curvature 
on the behaviour of the stiffener. 
2.2 DESCRIPTION OF FINITE ELEMENT PACKAGE 
The development of the finite element package used in 
the analyses(LUSAS), was initially carried out by 
Lyons[2.7] at the University of London. Initially, the 
program was designed to fulfil the requirement of an easy 
to use teaching and research tool which could readily be 
modified to allow for new developments in finite element 
technology. 
This initial development of LUSAS lei the way to the 
creation of the present commercial package. In its current 
form, the program is capable of analysing a wide range of 
problems including buckling, dynamic, heat transfer and 
full nonlinear static stress analyses. Further information 
can be found in the user manual given in reference[2.8]. 
Although a wide range of elements are available, only 
the semiloof shell element developed by Irons[2.9] was 
adopted to model the plate, shell and stiffener 
components. 
A previous study, carried out by Tsang[2.4], modelled 
ring stiffeners in cylindrical shells with beam elements. 
However it is known that existing beam elements are not 
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capable of modelling the torsional response being examined 
in this thesis. Shell elements, of those currently 
available, are likely to produce the best results and 
their use ensures full compatibility at the shell- 
stiffener junction. 
The shell element adopted is an 8-noded isoparametric 
element with 32 degrees of freedom as indicated in figure 
2.1.3 degrees of freedom are allowed for at the corner 
nodes and 5 at the midside nodes. 
The analyses have been carried out using the full 
nonlinear version of the package which is capable of 
incorporating (a) material nonlinearity due to yielding, 
(b) geometric nonlinearity and (c) non-conservative 
loading. This last nonlinearity is important in the 
analysis of ring-stiffened shells under external pressure 
as the load is required to act perpendicular to the 
surface when the shell is in a deformed state. This will 
model the real situation as water pressure will always act 
perpendicular to the surface. 
The nonlinear equations are solved by using a Newton- 
Raphson based iterative technique. Two approaches can be 
used, (1) full Newton-Raphson and (2) modified Newton- 
Raphson. The main differnce between these two methods is 
that in the full Newton-Raphson the stiffness matrix is 
updated after each iteration, whereas the modified Newton 
Raphson technique reuses a previous stiffness. The latter 
has the disadvantage of requiring more iterations to 
converge and is generally not as reliable as the full 
Newton-Raphson. The full Newton-Raphson was therefore 
adopted throughout the study. 
The package allows geometric nonlinearity to be 
analysed using either a total Lagrangian or an updated 
Lagrangian formulation. A previous study[2.10] has 
indicated that where unstable load paths occur, such as in 
a tripping response, and the rotations are not large( not 
greater than 0.30) the total Lagrangian technique produces 
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far better results than the updated Lagrangian 
formulation. This is because in the updated Lagrangian 
formulation, more approximations are made in evaluating 
the stresses which cause the solution to drift from the 
equilibrium path during the unstable part of the 
behaviour. 
Material nonlinearity is allowed for using a multi- 
layer approach adopting the Von-Mises yield criterion with 
the Prandtl-Reuss flow rule. 
The ability of the package to cross limit-points is 
an extremely powerful feature, without which the 
parametric studies presented in this thesis may not have 
been completed. This is achieved by adopting the 
Crisfield-Riks arc length procedure, in which the 
algorithm holds a measure of the displacement constant 
within each increment and the load level is varied. The 
load is considered as a variable and adjusted accordingly 
on each iteration. If the solution fails to converge at 
any point, the program automatically halves the load step 
and repeats the increment with a more powerful iteration 
technique, i. e. it will adopt a full Newton-Raphson 
approach if a modified Newton-Raphson method is being 
used. 
2.3 MODELLING 
2.3.1 Introduction 
Parametric studies carried out previously into the 
behaviour of axially-loaded stiffened plate structures, 
have adopted idealised symmetrical boundary conditions to 
model part of a multi-stiffened panel. In this study three 
models have been investigated : 
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(1) An individual stiffener with no associated plating 
(2) A single stiffener with associated plating simply- 
supported on all sides 
(3) A single stiffener with associated plating 
representing a multi-stiff nexL panel. 
To a certain extent all of the models have drawbacks. 
For the first model the main drawback is that the bending 
neutral axis is not correctly modelled and the shift in 
this axis due to a loss of axial stiffness in one or other 
of the plate components is not correctly represented. 
However, the investigation of this simple model was 
felt useful in order to establish the possibility of using 
a simplified model which would result in a substantial 
reduction in the size of the mesh and hence computer 
costs. The time taken for the numerical analyses would 
also be greatly reduced. 
The third model which assumes that the response of a 
multi-stiffened panel can be accurately modelled by a 
single component with idealised symmetry conditions also 
has some limitations. The following points give advantages 
and disadvantages of models 2 and 3. 
(1) As only a single stiffener is being modelled in cases 
two and three, any destabilising influence from 
adjacent stiffener fields cannot be examined, 
(2) In the third model, bending is assumed to occur in one 
direction only. The complete structure is likely to 
have a support system at the sides of the panel which 
sets up a biaxial bending condition. This drawback is 
offset to a certain extent by the use of the second 
model, where the plate is simply-supported on all 
sides. However, the results from this model are 
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likely to be non-conservative as it overestimates the 
lateral restraint offered by the supports. 
(3) It is assumed in model 3 that no transverse stresses 
are set up due to any interaction between parallel 
stiffeners. 
Despite these limitations previous work has indicated 
that the third model gives a reasonably conservative 
estimate of the collapse load and is therefore 
satisfactory for design purposes. 
2.3.2 Type of loading 
The package used allows the loading on the structure 
to be applied by a uniform stress or by a prescribed 
displacement. 
In 
. general, 
it is well known that stress loading 
tends to produce a more conservative estimate of the peak 
load because the displacement loading allows stresses to 
redistribute and so reduce for example the effect of 
plasticity on the ultimate load. Also, displacement 
loading, because it requires the loaded edge to remain 
parallel, tends to produce a moment restraint at the ends 
and may limit the column displacements. Stress loading 
restricts any redistribution as the load along the loaded 
edges always remains uniform. The effect becomes more 
pronounced for shorter members. 
Both loading types have been investigated initially 
in order to establish which type best models the tripping 
behaviour. 
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2.3.3 Choice of initial imperfection 
The choice of initial imperfections used in this 
chapter was made partly on the basis of what might 
reasonably occur in practice and partly in relation to 
initial welding modes and critical effects. An aspect 
ratio of two has been adopted for the panel between 
stiffeners for the flat panel studies and previous studies 
have indicated that a plate with any aspect ratio will 
buckle into approxiately square half sine waves in the 
elastic region. This is not strictly true in the elasto- 
plastic region as plasticity is likely to reduce to some 
degree the wavelength of the buckle. However, an 
imperfection mode of two half sine waves was used for the 
plating which should therefore avoid any snap through 
effects. The latter would cause unnecessary complications. 
It seemed reasonable to adopt the same longitudinal 
imperfection wavelength for the lateral imperfection of 
the stiffener as this was most likely to increase the 
torsional instability of the stiffener due to plate 
deflections. A column imperfection was also imposed on the 
plate and stiffener corresponding to a single half wave. 
This mode is likely to be caused during the welding 
process and is the critical mode for a simply supported 
column. The overall imperfection mode on the plate and 
stiffener is shown in figure 2.2. The panel imperfection 
in the transverse direction has been taken as 
antisymmetric as opposed to a symmetric 'hungry horse' 
mode. In a previous study by Smith[2.11], it was shown 
that the antisymmetric mode gave a more conservative 
estimate of the ultimate load of the panel. Imperfection 
magnitudes adopted were taken from BS5400[2.12] and are 
given in appendix 2.1. 
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2.4 CORRELATION AND MESH STUDY 
In order to gain confidence in using the package, it 
was necessary to correlate the finite element results with 
existing experimental and analytical data for the 
individual stiffener model and the stiffened panel. 
Unfortunately, due to a lack of experimental and 
theoretical data on tripping in stiffened panels, the 
correlation exercise for the plate case was carried out on 
a similar stiffened panel arrangement adopted in the 
parametric study but with the plate loaded in compression 
and the stiffener in outstand tension due to column 
deflection. This was taken from refence[2.13]. This 
correlation exercise will be discussed later in this 
section after correlation of the individual stiffener 
behaviour. 
For the indivim. vi stiffener case, experimental data 
obtained by Rogers and Dwight[2.14] were used for the 
correlation exercise. The experimental models used were 
single plates representing only the flat bar, rotationally 
clamped at the loaded edges, free at one longitudinal 
unloaded edge and simply-supported at the other edge. 
Lateral displacement in the plane of the stiffener was 
prevented in the test. This was achieved by testing two 
stiffeners as a single plate simply-supported along its 
centre line. The centre of the plate was held in position 
by a series of forks which allowed rotation. 
Figure 2.3 shows the two mesh configurations adopted 
for the correlation exercise. An initial imperfection 
corresponding to the imperfection measured in the 
experiment was incorporated but no residual stresses were 
allowed for. 
Figure 2.4 shows the results obtained from both 
meshes together with the experimental curve. Also shown in 
the figure is the elastic critical stress level. 
From figure 2.4 it can be clearly seen that 
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acceptable correlation has been obtained with the 
experimental results up to about 1.40 times the yield 
strain. However the correlation beyond this strain 
indicates more rapid unloading. 
Figure 2.5 shows the theoretical results obtained by 
a method formulated by Rogers and Dwight[2.15]. A similar 
pattern appears to be present i. e. correlation at high 
strain is not good. Some explanations as to why this may 
be are given below. 
As mentioned earlier, two outstands were tested as a 
single specimen in the rig available. The initial 
imperfections in each outstand were in the same direction 
and one plate therefore wanted to twist clockwise and the 
other anti-clockwise, effectively restraining each other. 
Buckling was therefore a clearly defined phenomenon, 
necessarily requiring one of the outstands to 'snap- 
through' and deform in the opposite direction to its 
initial imperfection. 
The boundary conditions in the test specimen are 
unlikely to have had a large impact on the 
response because the elastic critical stress( shown in 
figure 2.4), is accurately predicted by the bilinear 
response in both the theoretical and experimental curves. 
Rogers has indicated some drawbacks with his 
theoretical formulation. However, these limitations are 
not present in the finite element model. It is therefore 
felt that the above feature relating to initial 
imperfections or possibly of the method of testing is 
likely to be the main cause for the discrepancy. 
Figure 2.4 also indicates points obtained using a 
coarse integration rule (5-point rule) with the 1 by 8 
mesh as opposed to using a fine integration rule (3 by 3). 
The peak stress predicted by using the coarse integration 
rule is about 15% less than the experimental and f ine 
integration results. This difference increases as the 
'post-peak' curve develops. A complete curve of the coarse 
60 
integration could not be obtained because of convergence 
difficulties beyond 1.50 times the yield strain. 
Discussions with the finite element program 
developers indicated that the coarse integration rule can 
produce low energy modes with flat plate structures when 
used with the semiloof shell element. 
Although the effect of mesh density has been examined 
in the previous example, it was felt necessary to carry 
out a mesh convergence study on a stiffener geometry more 
representative of those investigated in the main 
parametric study. Figure 2.6 shows the mesh configurations 
adopted together with the stiffener dimensions. The 
boundary conditions adopted were not the same as those of 
Rogers. The main differtice was that the stiffener was 
allowed to displace laterally in its plane. It was felt 
that this was a more realistic boundary condition and 
would allow comparison with more refined stiffened plate 
and shell analyses. Figure 2.7 illustrates the boundary 
conditions adopted. A uniformly distributed load was 
applied at each end of the stiffener. This was simulated 
by applying point loads (in the appropriate ratio) at the 
nodes. 
Figure 2.8 shows the load end-shortening curves 
obtained for each of the meshes indicating that little 
variation occurs in the results and that adequate accuracy 
has been achieved. 
Figure 2.8 also indicates the load level at which 
first yield occurs. For all of the meshes considered, this 
occurs at a quarter of the length of the stiffener, which 
corresponds to the position of the maximum initial 
imperfection. Although the torsional critical stress( also 
shown in figure 2.8) is greater than the yield stress, the 
end shortening curves do not reach yield before torsional 
buckling occurs. This suggests that the column action 
played a significant role in the behaviour. Figure 2.9 
shows a non-dimensionalised plot of the load displacement 
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curves for both the column and torsional action. Although 
the torsional mode clearly dominates, some column action 
has occurred which may have been significant enough to 
reduce the ultimate capacity. 
For the stiffened plate model a panel of a similar 
geometry was used for the correlation exercise, although 
for reasons already given in the introduction to this 
section, the stiffener failed in outstand tension 
eliminating the possibility of tripping. The plate 
arrangement, including the initial imperfection is shown 
in figure 2.10. It should be noted that a finite 
difference program was initially used to solve the 
problem. 
Figures 2.11 and 2.12 show the load shortening curves 
for elastic geometrically nonlinear behaviour and elasto- 
plastic geometrically nonlinear response respectively. The 
results in figure 2.11 are in excellent agreement with the 
finite difference results. However, a significant 
difference occurs with the results presented in figure 
2.12. This is primarily due to the fact that the finite 
difference package uses an Ilyushin yield function which 
is only an approximation to the Von-Mises yield criterion 
adopted in the finite element package. It determines yield 
as a sudden full-depth phenomenon, evaluated on the basis 
of the values of the stress resultants rather than the 
stresses, and as such ignores the surface yielding that 
normally occurs in advance of membrane yield. This 
effectively delays yielding of the section which explains 
why the finite element result peaks at a lower stress 
level. 
Although acceptable accuracy has been obtained with 
the example given above, it was felt necessary to also 
carry out a mesh study for the case where the stiffener 
tip is placed in compression. It is well known that in the 
finite element solution of buckling problems, certain 
buckling modes are sensitive to mesh density. The 
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formation of short wavelength buckles, as might be 
expected if tripping occurs, appears to be the most 
critical and requires the greatest number of elements for 
accurate modelling. 
Figure 2.13 shows two mesh configurations which were 
adopted for this study. Table 2.1 shows a summary of the 
results obtained for the three geometries investigated. 
The load shortening curves for the plate and stiffener 
response, individually, are shown in figures 2.14 to 2.19. 
For the two cases where the plate is stocky, an 
acceptable variation in peak load occurs, indicating that 
the coarse mesh may be adequate. However, figures 2.20 to 
2.23 show the out of plane displacement profile of the 
stiffener for the two meshes. It can be seen that for the 
case where the stiffener slenderness (d. /t,,, ) is 15, the 
finer mesh gave a more defined buckling mode with a 
shorter wavelength. The coarse mesh indicates a flatter 
mode of larger wavelength, indicating that the coarse mesh 
may not be able to model the displacement profiles likely 
to occur. 
For the case where the plate is more slender, the 
difference in peak load is more marked. This is probably 
due to a combination of increased plate interaction with 
the stiffener response and a change in the stiffener tip 
displacement profile as indicated in figures 2.24 and 
2.25. Again a similar change in mode occurs as with the 
previous case. For the stockier case the difference in 
peak load was not as marked due to the fact that there is 
less plate interaction to complicate the response. 
Figures 2.26 and 2.27 show the out- of- plane 
displacement profile of the plate at the centreline 
between the longitudinal stiffeners for a panel 
slenderness(b/tp) of 60. For these results no change in 
mode occurs between the meshes, indicating that the number 
of elements adopted to model the plate in the coarse mesh 
is adequate. The same response was obtained for the stocky 
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panels. 
Although this study has shown that the coarse mesh is 
unable to model the displacement profiles likely to occur 
as accurately as the fine mesh, the coarse mesh was 
adopted for the remainder of this study. However, for 
cases where a short wavelength tripping mode is 
anticipated or where a coarse mesh analysis produces a 
tripping mode the finer mesh has been adopted. The main 
reason for adopting the coarser mesh is to reduce computer 
time. It is worth noting that the coarser mesh gave the 
lowest peak load in all cases, indicating a degree of 
conservatism in adopting this mesh. 
2.5 PARAMETRIC STUDY 
2.5.1 Introduction 
Because of the confidence gained in the previous 
section in the validity of the package, it was possible to 
proceed with a systematic study of a number of parameters 
which were considered to influence the tripping behaviour 
of the stiffener. 
The parameters relevent to the tripping behaviour of 
stiffeners attached to flat or curved plating have been 
identified by a number of authors[2.16,2.17], namely 
(1) Restraint offered by panel to stiffener 
(2) Stiffener slenderness 
(3) Plate slenderness 
(4) Mode of initial imperfection in both panel and 
stiffener 
(5) Influence of adjacent stiffener bays in continuous 
panels 
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(6) Length of stiffener between supports 
(7) Residual stresses in panel and stiffener 
(8) Boundary conditions. 
Due to the large number of variables involved, it \4as 
not possible to investigate all of these in such a study. 
However, those considered to be of prime importance have 
been examined. 
The parameters investigated include (a) boundary 
conditions (b) plate slenderness and (c) stiffener 
slenderness. 
The boundary conditions investigated are those of 
models two and three described in section 2.3.1. 
The plate slendernesses investigated were varied 
between 20 and 90. This enabled the behaviour of the 
stiffener to be isolated for the stocky case and also the 
interaction effect between plate and stiffener for the 
more slender panels to be investigated. 
As initial background, for the type of steel adopted 
in the analyses, the stiffener slenderness(du, /tw) allowed 
by the DnV and ECCS rules are 11.45 and 10 respectively. 
The stiffener slendernesses were varied between 10 and 20 
in order to establish whether or not existing code 
requirements are satisfactory. 
In this chapter only axially compressed stiffeners 
and stiffened panels have been investigated, as this is 
the most likely situation in which tripping will be a 
primary mode of failure. However, it is worth noting that 
tripping can also occur under combined axial and 
hydrostatic loading in the design of ships plating. This 
has been shown by large scale tests carried out by 
Smith[2.16] at the Admiralty Research Establishment where 
a 4-bay panel shown in figure 2.28 was subjected to a 
constant lateral pressure( tending to put the stiffener 
into tension) and an increasing axial load. 
A finite element analysis carried out by Hughes [ 2.18 ] 
65 
showed that tripping in bay 3 triggered the collapse. The 
panel collapsed at 0.69 times the yield stress. 
A second panel, identical to the one mentioned above, 
was tested under axial compression( no lateral pressure). 
This panel failed at 0.61 times the yield stress, a 
reduction of 13% in ulti , Le. strength from the first panel. 
Again a tripping mechanism triggered the collapse of the 
panel. This clearly demonstrates the beneficial effect of 
the tension induced by the lateral pressure in the 
stiffener. Despite this restraint however, it is clear 
that tripping may still occur under combined loading. 
2.5.2 Influence of loading type 
Section 2.3.2 has already explained how the package 
allows the loading on the structure to be applied using 
either uniform stress or a prescribed displacement. In 
this section a number of individual stiffener and plate 
models have been loaded using both loading types in order 
to establish which type is best suited to model tripping. 
For the individual stiffener case, three stiffeners 
of different slenderness have been examined. The results 
are summarised in table 2.2 together with the stiffener 
parameters. Figures 2.29,2.30 and 2.31 show the load 
shortening curves obtained for each case. 
From the results it can be seen that the displacement 
loading produces higher peak loads for all cases, 
confirming previous observations in section 2.3.2. 
Figure 2.32 shows the columnn deflections for a 
stiffener slenderness of 20 with both loading conditions. 
From this the clamping effect of the displacement loading 
is not clear but must occur due to the fact that a moment 
restraint has effectively been applied by constraining the 
loaded edges to remain parallel. However, for the same 
load level, the displacement loading does give lower 
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column displacements than the stress loading. Figure 2.33 
shows the lateral displacement of the stiffener tip at a 
particular stage during the unloading. This shows that the 
tripping response of the stiffener is virtually unaffected 
by the loading type. 
The results from this are not conclusive, apart from 
the fact that the stress loading gives a more conservative 
estimate of the ultimate load. However, the stiffened 
plate models examined below gave results which indicate 
that the displacement loading may reduce the tripping 
action compared with that induced by applied stress 
loading. 
Figures 2.34 to 2.43 show the load shortening curves 
for both the plate and stiffener responses for a number of 
simply-supported plate models. As with the individual 
stiffener cases, the stress loading gives the more 
conservative estimate of the peak load but the more 
dramatic change in response is shown in the post-peak 
behaviour. For the cases where the plate slenderness is 20 
and the stiffener slendernesses are 10,20 and 25, outstand 
compression occurs in the stiffener for both loading 
types. However stress loading shows unstable post-peak 
behaviour for the 20 and 25 cases, whereas the 
displacement loading gives a smooth stable post-peak 
response. 
Looking at the load against midspan column 
deflections for the 10 and 20 cases, shown in figures 2.44 
and 2.45, it is clear that the displacement loading 
restricts the lateral displacement of the panel. This 
clamping stabilises the stiffener and explains the 
difference in response shown in the load shortening 
curves. 
For the more slender panel, the load shortening 
curves do not show any significant unstable post-peak 
behaviour for either loading type. The failure mode in 
both cases was an overall column type failure but the 
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displacements for the displacement loading were away from 
the plate( producing tension in the stiffener tip), while 
the stress loading buckled towards the plate tending to 
produce outstand stiffener tip compression. Clearly the 
loading type can interact with the plate action and alter 
the failure mode and this is a function of the load 
eccentricities at the end of the plate in relation to the 
effective neutral axis location. 
From this short study it is clear that the stress 
loading is likely to produce more pronounced tripping 
behaviour and give a more conservative estimate of the 
peak load. Stress loading has therefore been adopted for 
the remainder of this study to produce safe results for 
design appraisal. 
2.5.3 Effect of stiffener slenderness 
It has already been mentioned that the stiffener 
slenderness is the controlling factor in codes of practice 
in eliminating tripping as a possible failure mode. 
The range of stiffener slendernesses investigated for 
the individual stiffener model is from 7.50 to 30 and for 
the stiffened plate model from 10 to 20. For the purpose 
of explaining the effects of an increasing stiffener 
slenderness, only the multi stiffened panel model will be 
considered here. 
Considering the stiffened plate model, figures 2.46 
to 2.54 show the load shortening curves for three 
different stiffener slendernesses for a varying plate 
slenderness. For a plate slenderness of 20 it can be seen 
that even for the stockiest stiffener, the yield capacity 
of the stiffened panel has not been achieved. All three 
cases indicated a tripping failure, producing a 
characteristic unstable post-peak response. Clearly, the 
detrimental effect of a tripping failure is something that 
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would need to be avoided in a design situation. It should 
be noted that in this case, plate action is unlikely to 
have had any significant effect on the stiffener response 
and the instability is purely due to tripping of the 
stiffener. 
This instability beyond the peak load can be 
explained by considering the load shortening response of 
a stiffener in isolation in the region of the trip in 
cases where the failure zone is only a section of the 
length of the stiffener. Figure 2.55 illustrates a typical 
response for the stiffener. If it is assumed that tripping 
occurs at point B, then the tripping zone(zone 1) will not 
be able to carry any additional load beyond this point and 
will unload, following path BA. The remainder of the 
stiffener length(zones 2 and 3) will not have reached its 
ultimate capacity but will have to unload to the same 
degree to a point on line x-x. This unloading will be 
elastic following line BC giving a negative overall load 
axial deflection or stress-strain response for the 
stiffener as a whole. The severity of the unloading will 
depend on the geometry of the panel and the wavelength of 
the trip and will be complicated by the presence of the 
plating and the relative areas of plate and stiffener. 
This situation is analogous to the stress-strain response 
of a cylindrical sheet which fails by local buckling over 
a very short section of its length. 
It should be noted however, that the curves of 
stiffener response do not show this unstable 
characteristic. This is because the stress loading used 
does not allow the load to redistribute at the ends of the 
stiffener and the effect produced is a more complex load 
shedding system from stiffener to plating. This has 
already been explained in section 2.3.2. The plate 
exhibits this behaviour because once the stiffener fails 
the load must be carried by the plate. This sudden 
increase in load on the plate coupled with an increased 
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load eccentricity (due to the fact that the neutral axis 
will shift into the plate) means that the section as a 
whole can no longer carry the applied load and overall 
instability results. 
Increasing the stiffener slenderness from 10 to 15 
for a panel slenderness of 20, produces a slight increase 
in peak load. This may be due to an increase in the ratio 
of the stiffener to plate area. It has been noted 
previously by Carlsen[2.19] that an increase in this 
ratio( assuming tripping has not occurred), causes 
moderate strengthening of the panel. The finer mesh was 
adopted to analyse all three cases, the results of which 
are summarised in table 2.3. It can be seen that all the 
results show a similar trend, eliminating the possibility 
of an error in using the coarse mesh. 
Figure 2.48 shows the total load plotted against the 
total axial shortening for the plate and stiffener 
combined. Clearly, it can be seen that the drastic 
unloading response for the plate is eliminated for this 
plate slenderness. 
For a panel slenderness of 60, the strength of the 
panel remained virtually unchanged as the stiffener 
slenderness is varied. In this case panel buckling 
controls to a large degree the peak load but the plate 
buckling effects will interact with the stiffener. 
Tripping still occurred for stiffener slendernesses of 15 
and 20 triggered to some degree by the plate behaviour. 
The 10 case produced a column buckling mode producing 
outstand tension, thus eliminating the possibility of 
tripping. 
Increasing the plate slenderness to 90, produces what 
appears to be tripping (fig 2.52) for stiffener 
slendernesses of 10 and 20 and outstand tension for 15. 
The 15 and 20 cases produce a significantly higher peak 
load than the 10 case again because of the high column 
slenderness for the 10 case, lp/Rg=94.46 as comparv-dwith 
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55.32 and 37.92 for the 15 and 20 case respectively. 
Figure 2.56 shows the stress distribution through the 
stiffener for the 10 case, at three different stages of 
the loading, up to and including the peak load. At the 
peak load there is a dramatic reduction in compressive 
stress from the tip to the bottom edge of the stiffener. 
The stress distributions through the stiffener for the 15 
and 20 cases are also shown in figures 2.57 and 2.58 and 
indicate a reduction in this column action. 
Although the load shortening curve for a stiffener 
slenderness of 10 indicates a tripping failure, figure 
2.59 showing the lateral displacement of the stiffener, 
does not clearly indicate this. The finer mesh was adopted 
to attempt to clarify this behaviour. Figure 2.60 shows 
the out-of-plane displacement profile of the stiffener for 
the fine mesh, clearly showing a localised tripping 
failure. Figures 2.61 and 2.62 compare the load shortening 
curves for the plate and stiffener response for the two 
meshes. No Sic. nificant change in the peak load occurs in 
adopting the finer-mesh, showing a similar trend to that 
of section 2.4 where only the displacement profile was 
substantially altered. 
Figure 2.63 shows a summery. curve of the results of 
the individual stiffener model study together with the 
results from the multi-stiffened panel model (model 2). 
As might be expected increasing the stiffener slenderness 
causes a reduction in the peak load. The only exception to 
this occurs when the stiffener slenderness is reduced to 
7.50 for the individual stiffener model. Slight column 
action occurs for this case because of the resulting 
higher column slenderness and the strength reduces a 
little. It is also clear that failure of the plate has a 
controlling influence for higher plate slendernesses and 
that the reductions in strength with stiffener slenderness 
that occur with the simple stiffener model are not as 
apparent in the stiffened plate results. The stiffener 
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model provides an upper bound to all failure loads. 
2.5.4 Effect of plate slenderness 
For design, the plate slenderness is an important 
parameter in controlling the load capacity of the panel 
and the buckling mode. In this section the influence of 
the plate will be examined in more detail as it varies 
from 20 to 90. As already mentioned the stiffener 
behaviour should be isolated for the 20 case, as plate 
buckling effects are likely to be minimised, while 
interaction with the plate is more likely to occur with 
the more slender panels. 
Table 2.4 summarises the results of the study for the 
multi-stiffened panel model, together with the individual 
stiffener results for comparison. Figures 2.64 to 2.72 
show the effect of the plate slenderness on the stiffened 
panel behaviour. Load shortening curves for the plate, 
stiffener and combined plate and stiffener response are 
shown. 
It is clear from table 2.4 that the plate slenderness 
has a strong influence on the peak stress in the stiffened 
panel, compared with the individual stiffener case. 
Clearly, the load applied to the stiffener increases as 
the plate buckles, causing the stiffened panel to fail at 
a lower stress level than for the stockier plates. Also, 
the rotational restraint provided by the plating at the 
line of attachment alters as the plate buckles. This is 
more pronounced for the slender panels. Figure 2.63 shows 
the effect of plate slenderness on the peak stiffener 
stresses. 
From this it is clear that the individual stiffener 
model does not provide sufficient information about the 
overall panel behaviour due to the significant influence 
of the plate effects. 
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In some of the examples, 1 skkfteng panel buckled 
with the outstand in tension, thus eliminating the 
possibility of a tripping failure. An example of this is 
shown in figure 2.64 where for a plate slenderness of 60, 
outstand tension occurred. The curve clearly shows the 
relative stability of this type of failure mode compared 
with a tripping failure. Although no definite conclusion 
can be inferred from this, it is clear that interaction 
with plate buckling effects have a strong influence on the 
failure mode of the panel. 
2.5.5 Effect of stiffener aspect ratio 
The effect of the stiffener aspect ratio on the 
collapse load of stiffeners does not appear to have been 
given a great deal of attention in the past. Recently, 
comments were made by Faulkener [ 2.17 ] on the dependence of 
the tripping stress on the length of the stiffener. It was 
shown that the tripping stress is only length dependent 
when the stiffener is considered in isolation but that for 
most practical structures where some form of plating is 
attached the minimum tripping stress is essentially 
independent of the unsupported length. This suggests that 
most tripping brackets are of limited benefit. 
Figure 2.73 shows the effect of increasing the 
stiffener aspect ratio on the ultimate stiffener load for 
the individual stiffener and multi stiffened plate model. 
Curves are shown for the finite element analysis and 
equation 2.1 which gives the critical stress of a plate 
simply supported on three edges with the other remaining 
free. The value of k is determined from figure 2.74. For 
this case, the critical imperfection is a single half-wave 
in the longitudinal direction, which is not the same as in 
the finite element model. Also, the boundary conditions 
are not exactly the same on the supported edges. However, 
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this is only likely to have an effect on the models with 
a small aspect ratio. The expression gives the lowest 
critical stress and was used for this purpose. 
The curves from expression 2.1 show an increase in 
critical stress with increasing stiffener aspect ratio. 
This is to be expected as the critical stress is inversely 
proportional to the stiffener slenderness for a stiffener 
aspect ratio beyond 4.5. The finite element curves for a 
particular plate slenderness for the stiffened plate model 
also showed an increase in strength but with a slight 
reduction beyond a certain stiffener aspect ratio for the 
different models. The reduction( with the exception of a 
panel slenderness of 60) is most probably due to an 
increase in column slenderness. Although it has not been 
indicated on the figure, an increase in stiffener aspect 
ratio also corresponds to an increase in column 
slenderness. 
A slightly more detailed study of the effect of 
increasing the stiffener aspect ratio while keeping the 
stiffener slenderness constant was carried out out on the 
stiffener model. These results are indicated in figure 
2.73 identified by the stiffener slenderness examined, 
namely 10 and 20. The results from this study are also 
summarised in tables 2.5 and 2.6. 
Figures 2.75 and 2.76 show the corresponding load 
shortening curves for the two stiffener slendernesses 
examined with an increasing stiffener aspect ratio. For 
the 10 case, there is no significant reduction in the 
failure load with doubling of stiffener aspect ratio. 
However, going to three times the stiffener aspect ratio 
produces a more marked reduction. This is likely to have 
been caused by the aspect ratio coinciding with the 
critical imperfection wavelength, as the mode of 
the 
initial imperfection is maintained as two half waves over 
the length of the stiffener and the wavelength increases 
as the stiffener aspect ratio is increased. 
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No significant torsional behaviour was noted. This is 
indicated in figures 2.77 to 2.79 which show the load 
displacement response of the stiffener for both the column 
displacement and the stiffener lateral displacement. The 
column clearly dominates the response. 
For a stiffener slenderness of 20, the behaviour is 
slightly more complicated. From figure 2.76, it can be 
seen that the unloading curves become more unstable with 
increasing stiffener aspect ratio and the drop in the peak 
load is more significant. This appears to be due to an 
increase in the interaction of the column slenderness with 
the stiffener instability. This is shown in figures 2.80 
to 2.82, which show the load displacement curves for both 
the column and lateral stiffener displacements. For an 
aspect ratio of 3.333 shown in figure 2.80, the column 
displacements are small in comparison with the lateral 
stiffener displacements. Increasing the stiffener aspect 
ratio to 6.667 and 10 shows a significant increase in 
column deflections. Figures 2.83 to 2.85 show the lateral 
stiffener displacements for the three cases. These show a 
torsional failure of the stiffener for all three cases 
with no change in mode. 
Although it has been shown in the previous section 
that the stiffener model does not provide a good 
approximation to the tripping response, it has been able 
to give some useful observations with regard to stiffener 
aspect ratio. For the stocky stiffener slenderness 
(d,, /tw=10) increasing the stiffener aspect ratio does not 
appear to have any significant effect on the tripping 
response of the stiffener. For the more slender stiffener 
(dw/tw=20), tripping appears to interact with the column 
action causing a corresponding reduction in peak load and 
a more unstable post peak response. 
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2.5.6 Effect of boundary conditions on longitudinal plate 
edge 
It has already been mentioned that two models have 
been investigated by adopting different boundary 
restraints on the longitudinal unloaded edges. The first 
model assumes that all the plate edges are simply 
supported and the second asssuming a multi stiffened panel 
with symmetry edge conditions. This has been achieved by 
restraining the rotation and the transverse in-plane 
movement on the unloaded edges. 
Figures 2.86 to 2.97 show the load shortening curves 
for the plate and stiffener responses comparing the effect 
of the two boundary conditions. It fniqM be expected that 
the results obtained from the simply supported model would 
be greater than the multi-stiffened panel case, due to 
additional stiffness provided to the plate and stiffener 
in the simply supported condition. However, this was not 
the case for all of the results obtained. The multi- 
stiffened plate response for a panel slenderness of 60 
gave a greater peak load than the simply supported case 
for all of the stiffener slendernesses examined. This can 
be explained by comparing the transverse displacement 
profile of the plate in the longitudinal direction. For 
the simply supported cases, the displacement profiles do 
not alter from the initial imperfection. For the multi 
stiffened panel case, the initial two half-sine wave mode 
tends to a single half-wave. This change in mode suggests 
that the initial imperfection chosen was not the one 
required to give the lowest critical load for the 
stiffened panel as for the latter the panels tend to 
follow the column deflection of the stiffener. This is 
indicated in figures 2.98 to 2.103. 
For a panel slenderness of 20, in both the simply 
supported and multi stiffened panel condition, the panel 
buckled such that the stiffener went into compression. 
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However, for a panel slenderness of 60, the buckling mode 
which occurred placed the stiffener in tension for the 
simply supported model and in compression for the multi 
stiffened panel, with the exception of the case where the 
stiffener slenderness was 10. Clearly, the boundary 
conditions have a significant effect on the response of 
the panel. 
2.6 AXIALLY LOADED STRINGER STIFFENED CYLINDRICAL SHELLS 
2.6.1 Introduction 
Current design rules for stringer-stiffened shells 
such as the DnV and ECCS reccommendations, use the same 
slenderness restrictions for the design of flat plate 
structures. Because of the beneficial effect of the shell 
curvature on the overall capacity of the shell, which is 
obtained from the stretching of the mid-surface in the 
circumferential direction when buckling begins, it is 
likely that some enhancement will be obtained in terms of 
the stiffener tripping. 
To investigate this effect, a short parameter study 
has been carried out. The same geometries and 
imperfections as the flat plates have been adopted, so 
that a direct comparison can be made. The boundary 
conditions on the longitudinal edges representing symmetry 
lines, were transformed such that the reactions acted 
radially and tangentially at the nodes i. e local to the 
shell and not in a global sense. A facility within the 
package allows this to be implemented. 
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2.6.2 Correlation with experimental work 
Recently, the results of buckling tests carried out 
on a number of ring and stringer stiffened cylindrical 
models in 1983 by CBI Industries[2.20] in the USA for a 
number of companies have been released. Some of these 
tests included orthogonally stiffened shells which 
featured stringer tripping as the indicated primary 
failure mode. It was therefore felt prudent to begin this 
study by correlating two experimental tests with the 
finite element analysis. 
The geometric parameters are summarised in table 2.7. 
It can be seen that the only difference between them is 
that in model 2-3A, twice the number of stringers have 
been used, thus halving the panel width. The models 
consisted of three bays, the two end bays being the same 
length. Since the length of the model is short, it was 
felt that the end effects are likely to have a significant 
effect on the results. Also, the buckling modes obtained 
in the experiments were not symmetrical. For these reasons 
it was felt necessary to model all three bays but using 
only a single stiffener, with symmetrical boundary 
conditions. The bays were separated by flat-bar rings 
which did not appear to play a significant role in the 
failure process of the models. These were modelled by 
nodal lines in the analyses, which prevents any radial 
deflection to occur at these points. The mesh adopted is 
shown in figure 2.104. 
For each model, two analyses were run, one with no 
initial imperfection and the other with an initial 
imperfection based on the deformed shape of the first 
analysis. The initial imperfections measured in the 
experimental models were not adopted because of their 
degree of variation around the shell and from stiffener to 
stiffener. The amplitudes of the imperfections were taken 
from DnV which are on the conservative side as the 
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imperfections in the experimental models were all less 
than code values. 
Total load versus axial shortening curves for the 
perfect and imperfect shell are shown in figures 2.105 and 
2.106, for both models. 
Generally, very good correlation has been achieved, 
indicating that the use of a simplified model with 
symmetrical boundary conditions is a valid idealisation. 
For model 2-4A (figure 2.105) where the full load 
shortening curve is shown, the peak load differs by 7.60% 
for the perfect shell and 5.70% for the imperfect shell. 
The unloading part of the curve is not as good as might be 
expected but it is important to note that the initial 
imperfections in the experimental model will be 
significant in determining points at which plasticity will 
occur, which will affect the post-peak curve. Also, there 
appears to be a zero shift in the initial part of the 
model curve of figure 2.105 which will add to the 
difference. Figures 2.107 and 2.108 show the displacement 
profile of the stiffener and the shell along the symmetry 
line for the perfect shell. Although no displacement 
profiles of the experimental model were available, the 
buckle history at the peak and unloaded stage of the shell 
is described. This indicates that most of the buckling 
occurred in the top bay. Stringer tripping appears to have 
initiated the failure at the peak load. The final unloaded 
shape shows that one outer bay has suffered some crushing 
at the extreme edge and significant distortion in the 
outer half. The middle bay has suffered little buckling 
and the other bay remained intact. From the displacement 
profiles shown, it can be seen that the failing outer bay 
appears to suffer most of the buckling. The profiles at 
both the peak load and in the unloaded state are shown. It 
is difficult to tell whether tripping caused the failure 
at the peak load from the results. As with the 
experimental model, the middle and one outer bay remain 
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intact. The imperfect shell showed similar behaviour. 
Model 2-3A gave a higher peak load due to the 
increase in the stiffening ratio. Again, excellent 
correlation has been achieved, the perfect shell 
prediction being 1% lower than the experimental results 
and the imperfect shell prediction being 3.20% lower. At 
the peak load the experimental failure appears to have 
occurred in the outer bay near the mid-height of the 
panel. Some minor buckling also occurred in the middle 
panels. The finite element results shown in figures 2.109 
and 2.110 for the imperfect shell, indicate that most of 
the failure has occurred in the two outer bays in an 
almost symmetrical fashion. 
In the final unloaded experimental shape, one of the 
outer bays remains virtually intact while the other outer 
bay buckled in one to three half-waves vertically around 
the entire circumference. The top and bottom stringers 
have crippled at three or four locations each. The finite 
element results also indicate the shell to have buckled in 
the outer bay in five half-waves with the other outer and 
middle bay remaining virtually intact. 
2.6.3 Brief parameter study 
In this study only the shell and stiffener 
slendernesses have been varied in order to demonstrate 
some of the key features of the comparison between flat 
stringer stiffeners on a cylindrical shell and flat 
stiffeners on a flat plate loaded by axial compression. 
Figure 2.111 shows the strength enhancement and 
additional stability provided by the curvature of the 
cylindrical model mentioned in section 2.5.1. The graph 
shows a summary of the results of the average peak stress 
carried by the stiffener at the loaded edge plotted 
against the stiffener slenderness(dw/tw) and plate 
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slenderness (s/tp). For the s/tp=20 case, where plate 
buckling would not expect to play a major role, it can be 
seen that the stiffener capacity is approximately the same 
for both d. /t, =10 and 15 in the case of both flat and 
curved structures but this capacity falls by about 10% for 
d,, /t, =20. The curvature adds about a 20% strength increase 
to all cases. It is interesting to remember that in the 
flat plate case all three dw/tw values actually suffer 
significant torsional deflections which have already been 
shown to be the governing factor behind the failure in 
section 2.5.3. The manner of the complex interaction of 
this with the shell curvature is not clear. This torsional 
instability is indicated in figures 2.46 and 2.47 which 
show the average stress strain responses for the stiffener 
and plate components of the flat model and figures 2.112 
and 2.113 the corresponding curves for the curved model. 
Comments have already been made previously about the 
unstable nature of the flat plate results brought about by 
the torsional buckling of the stiffener. Significant 
torsional deformations occur in the outstands, even for 
the stocky stiffener (d,, /t,, =10) and this is very evident 
from figure 2.46. In the curved case, figure 2.112 shows 
the stabilising influence of the curvature on the post- 
peak response and it is only for the dW/tw=20 case that the 
plate characteristic illustrates the typical tripping 
instability response. 
For larger flat plate slendernesses(b/tp) there is 
more interaction between plate and stiffener buckling 
modes but the generally lower failure loads resulting from 
plate buckling appear to reduce the effect of the lateral 
torsional instability of the stiffener. The percentage 
reduction in stiffener capacity with increasing dw/tw is 
smaller both for flat plate and curved structures. This is 
confirmed in figures 2.114 and 2.115 which show the load 
shortening curves for the panel and stiffener response for 
a s/tp=60. In this case only the dW/t, =10 case suffered 
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torsional instability, whereas the 15 and 20 buckled such 
that outstand tension was produced, thus eliminating the 
possibility of any tripping. Very little difference occurs 
in the peak load. This is an interesting point because it 
has been suggested in the past that interaction between 
plate buckling modes and stiffener local torsional 
buckling modes might cause an unexpectedly large strength 
reduction. 
Figures 2.116 and 2.117 show the load shortening 
curves for the s/tp=90 case. One confusing feature, which 
needs clarifying, is the fact that the d47/tG, =10 case is 
lower than the 15 and 20. For the stocky stiffener the 
column slenderness is quite high(94.50) and column 
buckling appears to have had a significant influence on 
the failure load of the plate and shell. This illustrates 
the complex interaction of all the parameters involved and 
the extreme difficulty of isolating the torsional buckling 
of the stiffener in any practical study. 
Again, interaction between the plate and stiffener 
has a large influence on the failure mode. In this case 
only the dG, /tw=15 model suffered any torsional failure. 
2.7 CONCLUSIONS 
Although the study has not been able to cover all of 
the variables influencing the tripping response of the 
stiffener, a number of useful results have been obtained. 
The results have shown the catastrophic nature of the 
failure mode and the complex interaction that occurs with 
more slender panels. The degree of conservatism shown by 
some codes of practice appears to be justified for 
flat plate structures but may be relaxed slightly for the 
curved panel case. 
The use of a simple stiffener model to investigate 
tripping has been shown to be unable to produce the same 
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unstable post-peak response as some of the plate models 
which suffered tripping. Also, the strength of the 
stiffener will not relate directly to the strength of the 
stiffened plate assemblage with slender plates. For the 
stockier panel the difference is not as severe. However, 
the simple stiffener model has demonstrated the influence 
of stiffener aspect ratio. For a stocky stiffener cross- 
section, increasing the stiffener aspect ratio does not 
increase the torsional instability of the stiffener. For 
a more slender section, interaction occurs between the 
torsional and column action which produces some 
instability in the region of the peak load. Tables 2.5 and 
2.6 show the peak loads for all of the cases considered. 
For the stocky case, where no interaction occurs the 
difference for L/du, =6.667 to 20 is 7.16% whereas for the 20 
case the maximum difference is 10.91%. This indicates that 
there may not be any significant drop in ultimate load 
capacity due to mode interaction as is 
commonly perceived. The results obtained from the plate 
study show a similar response. 
Results obtained from the plate study have shown that 
increasing the plate slenderness has a marked effect on 
the ultimate load capacity of the stiffened plate. Once 
the plate fails it sheds load to the stiffener, causing 
the whole assemblage to fail. Interaction effects are 
likely to influence the way the structure fails for 
example, whether it is a stiffener induced failure or a 
plate failure in which the panel buckles away from the 
plate eliminating tripping as a possible failure mode. 
However there is little evidence to indicate that 
interaction between failure modes has a disproportionate 
effect on the actual load capacity. 
Tripping appears to be sensitive to mesh refinement, 
however the coarse mesh gave reasonably conservative 
estimates of the peak stress in all of the panels 
examined. 
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More definitive recommendations on the results in 
terms of current design guidance will be left for 
discussion in chapter five in the context of all the 
results obtained. 
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APPENDIX 2.1 
TOLERANCES ADOPTED IN STIFFENED PLATE ANALYSES 
Imperfection magnitudes adopted for the stiffened 
panel analysis have been taken from BS 5400. 
For the panel, the magnitude of the imperfection is given 
by: 
G ay 
165 355 
or 3mm which ever is the greater. Where G is panel width. 
An overall column imperfection has also been imposed 
on the panel, the magnitude of which is given by: 
G 
750 
or 2mm whichever is the greater. 
For the stiffener, the magnitude of the out of plane 
web tip displacement is given by: 
G ay 
375 355 
or 2mm whichever is the greater. 
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b/tp d/t. lp/R9 No. of Q"IQ Y 
Elements 
Plate 
Edge 
%o 
Diff 
Stiff 
Edge 
% 
Diff 
total 
load 
% 
Diff 
20 15 16.78 12 0.842 - 0.880 - 0.850 - 
20 15 16.78 32 0.889 +5.62 0.914 +3.35 0.895 +5.22 
20 20 11.82 12 0.799 - 0.833 - 0.808 - 
20 20 11.82 32 0.851 +6.60 0.871 +4.61 0.856 +5.99 
60 20 22.26 12 0.572 - 0.674 - 0.598 - 
60 20 22.26 32 0.656 +14.62 0.712 +5.56 0.669 +11.94 
Table 2.1 Results of mesh study 
dw/tw L/dw L/Rg Quer Q, /Cry 
(NIMM 2) 
Q- Loading Disp Loading 
10 6.67 23.09 940.210 0.964 0.984 
20 3.33 11.55 348.860 0.834 0.875 
30 2.22 7.70 239.350 0.760 0.800 
Table 2.2 Comparison of Ultimate Stiffener loads 
using stress and displacement loading 
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b/tp d/t. L/Rg No. of Q u/Qy 
Elements 
Plate 
Edge Diff 
Stiff 
Edge Diff 
Total 
Load Diff 
20 10 27.51 12 0.892 - 0.871 - 0.834 - 
20 10 27.53 32 0.845 +1.88 0.873 +0.22 0.844 +1.73 
20 15 16.78 12 0.842 - 0.880 - 0.850 - 
20 15 16.78 32 0.889 +5.62 0.914 +3.85 0.895 +5.22 
20 20 11.82 12 0.799 - 0.833 - 0.808 - 
20 20 11.82 32 0.851 +6.60 0.871 +4.61 0.856 +5.99 
Table 2.3 Summary of mesh refinement study for stocky panel 
b/tn d/t Lp/Rg Q/Q Individual 
Stiffener 
Simply 
S ý_,. pported 
Plate 
Edge 
Stiff 
Edge 
Plate 
Load 
S. S. on 
Long 
Edge 
Fixed 
Long 
Edge 
Plate 
lp/b=2 
20 10 27.530 0.8290 0.8708 0.8342 0.9640 0.9650 0.9003 
60 10 53.850 0.5928 0.7261 0.6115 0.9640 0.9650 0.5571 
90 10 94.460 0.4018 0.5361 0.4152 0.9640 0.9650 0.5203 
20 15 16.775 0.8420 0.8800 0.8501 0.8950 - 0.9003 
60 15 32.010 0.5920 0.7160 0.6170 0.8950 - 0.5571 
90 15 55.320 0.4786 0.6156 0.4932 0.8950 - 0.5203 
20 20 11.820 0.7985 0.8326 0.8080 0.8340 0.8850 0.9003 
60 20 22.260 0.5724 0.6740 0.5978 0.8340 0.8850 0.5571 
90 20 37.920 0.4648 0.5736 0.4850 0.8340 0.8850 0.5203 
Table 2.4 Summary of peak loads for multi-stiffened panel model. 
90 
dw/tx L 
(m) 
L/d,, L/Rg Quer 
(N/mm2) 
Qu/QY 
10 1 6.667 23.094 940.21 0.964 
10 2 13.333 46.188 826.40 0.950 
10 3 20.000 69.282 805.32 0.895 
Table 2.5 Variation of ultimate stiffener strength for 
dw/tW=10 with increasing stiffener length. 
d. /t. L 
(m) 
L/d. L/Rg Quer 
(N/mm2) 
Q/0 y 
20 1 3.333 11.547 348.36 0.834 
20 2 6.667 23.094 197.21 0.771 
20 3 10.000 34.641 197.16 0.743 
Table 2.6 Variation of stiffener strength for 
d,, /t=20 with increasing stiffener length. 
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MODEL 
NO. 
R 
(mm) 
is=tr, 
(mm) 
d 
(mm) 
L. 
(mm) 
R/ts d/t No. of 
Stringers 
Q 
(N/mm2) 
2-3A 573.53 2.03 30.48 1371.60 283 15 36 345 
2-4A 573.53 2.03 30.48 1371.60 283 15 18 345 
Table 2.7 Details of Stringer stiffened models 
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Figure 2.19 Results of mesh study 
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Figure 2.25 Out of plane stiffener tip displacement for fine mesh 
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Figure 2.36 Load shortening curve for plate response 
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Figure 2.37 Load shortening curve for stiffener response 
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Figure 2.38 Load shortening curves for plate response 
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Figure 2.39 Load shortening curves for stiffener response 
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Figure 2.40 Load shortening curves for plate response 
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Figure 2.42 Load shortening curves for plate response 
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Figure 2.43 Load shortening curves for stiffener response 
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Figure 2.44 Midspan column deflections of panel 
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Figure 2.46 Load shortening curves for plate response 
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response 
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Figure 2.87 Load shortening curves for plate response 
138 
0.5 1.0 1.5 2.0 
Nondimensional mean axial web displacement 6 w/dy 
0.5 1.0 1.5 2.0 
Nondimensional mean axial plate displacement 6 pAy 
o /0 
p y 
0 1.0 N 
Q) i 
4) 
0.8 
CL 
0.6 
X ro 
C 
v 
E 0.4 
C 
0 
0.2 
v E 
c 
0.0 
0.0 
Figure 2.88 
aW/0 
1.0 
IA a L 
0.8 
a, 
0.6 
C 
b 
N 
E 0.4 
b 
C 0 
0.2 
a, 
E 
v 
c 
0 0.0 
0.0 
Load shortening curves for plate response 
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Figure 2.93 Load shortening curves for stiffener response 
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CHAPTER THREE 
PARAMETRIC STUDY ON THE BEHAVIOUR OF FLAT AND TEE-BAR 
RING STIFFENERS IN CYLINDRICAL SHELLS UNDER EXTERNAL 
PRESSURE 
3.1 INTRODUCTION 
In the previous chapter, the finite element method has 
been used to investigate the tripping behaviour of flat-bar 
stiffeners in flat and curved panels under axial 
compression. This chapter deals with tripping of flat and 
tee-bar ring stiffeners in ring-stiffened shells under 
external pressure. Again, the finite element method has been 
used to carry out a parametric study in order to establish 
the effect of a number of parameters on the tripping 
response of the stiffener and the ultimate capacity of the 
shell. 
3.2 FLAT-BAR RING STIFFENERS 
3.2.1 Introduction 
Although the use of flat-bar ring stiffeners is not 
common, their use in the fields of engineering and in 
particular the offshore industry, is increasing. This is due 
to ease of fabrication and subsequent savings in the 
construction costs. The main reason for their exclusion from 
155 
design is partly the fact that they have a low torsional 
stiffness and are more likely to suffer a tripping type 
failure mode as well as their low bending stiffness. Some 
concern has also been expressed about their reserve strength 
if they become damaged due to some form of impact. However, 
in the past, as has been indicated by the literature review, 
very little work has been carried out into the behaviour of 
flat-bar rings. To the knowledge of this author no full 
parametric study using nonlinear finite elements has been 
published. 
In the analysis and design of ring stiffened shells 
under external pressure, three types of failure mode have to 
be considered. These are : 
(1) General collapse of the overall shell. This mode is 
generally characterised by a single half-wave forming 
between the two ends of the shell. The shell and 
stiffener buckle together in an overall column type 
failure. A higher safety factor is often applied to the 
design of the rings than for panel buckling to preclude 
this mode of failure. 
(2) Collapse of the shell between ring stiffeners. This can 
occur under axial load by either axisymmetric buckling 
where the shell forms an outward bulge around the 
circumference or by buckling in a series of lobes 
around the shell. This latter mode is associated with 
more slender shells and the former with stocky shells. 
It has been shown that the Batdorf parameter Z, given 
by: 
2 
Z= 
1S R 
-v2) R is 
is the controlling value that determines the form of 
buckling that will occur. 
(3) Tripping of the stiffener caused by a loss of lateral 
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stiffness. In this type of failure the line of 
connection of the ring stiffener to the shell remains 
essentially circular and the stiffener outstand moves 
sideways with the trip forming a wavy deformation 
pattern around the circumference. 
In the design of ring-stiffened shells for offshore 
structures, the shell is normally designed such that inter- 
ring shell failure precedes the general instability mode. 
This is normally achieved by imposing certain requirements 
on the stiffener geometry in design codes and also placing 
restrictions on the second moment of area of the stiffener. 
The DnV Rules[3.1] for the Design and Construction of 
Offshore Structures give stiffener inertia requirements for 
a range of loading conditions and are commonly used. 
However, in this chapter it was decided to adopt stiffener 
areas established by Tsang[3.2], who used both finite 
elements and plastic mechanism approaches to derive design 
charts for interactive loading of axial compression and 
external pressure and a range of shell slendernesses and 
ring spacings. Comparisons between the DnV requirements, re- 
expressed in terms of stiffener areas, and those established 
by Tsang, found that the latter area requirements were 
larger for stocky geometries under lateral pressure and 
lighter for more slender geometries. The conservatism in the 
DnV requirements occurs because, in establishing stiffener 
sizes to prevent general collapse, DnV ignores the 
restraints provided by intermediate non-deflecting 
diaphragms and assumes collapse to occur in the classical 
n=2 mode. Since the areas derived by Tsang represent the 
most up to date research in the field, these were adopted in 
determining stiffener geometries. 
Due to the interdependence of parameters in determining 
the stiffener areas, it was not possible to keep all 
geometric parameters constant. For example, in determining 
the geometry of the tee-stiffeners, the area of the web and 
flange were kept constant with web and flange dimensions 
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were varied to give different web and flange slendernesses. 
This effectively altered the inertia of the stiffener for a 
fixed area. Unfortunately, this could not be directly 
controlled and had some influence on the results. 
3.2.2 Correlation of experimental work with finite element 
analysis 
It has already been explained that very little 
experimental work relating to tripping of ring-stiffeners 
has been carried out. Some of the f ew results that have been 
obtained include the testing of two flat-bar rings with an 
associated shell by DnV[3.3]. The loading of the ring models 
was by two opposing point loads as shown in figure 3.1. 
Unfortunately, this tends to introduce high bending stresses 
in the models which is untypical of cylinders subject to 
uniform external pressure, as in the main leg of an offshore 
platform. However, tripping was obtained and it was felt a 
useful exercise to correlate the finite element model with 
these results to give some confidence in the parametric 
study. 
The geometries of the models are summarised in table 
3.1. Little imperfection data was available and it was 
therefore decided to adopt DnV tolerance magnitudes with two 
half-waves around the circumference of the shell. The same 
imperfection mode was adopted in the transverse direction 
for the tip of the stiffener. 
Due to the symmetry of the model, only half of the 
shell was analysed using symmetrical boundary conditions. 
The mesh adopted for the study is shown in figure 3.2. 
Figures 3.3 and 3.4(model 1) show the lateral 
deflection of the stiffener at ninety degrees to the loading 
point and the radial deflection of the shell under the load, 
plotted against the applied load. Good correlation has been 
obtained. The theoretical peak load was 12.5% lower than the 
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experimental load, probably due to the fact that the initial 
imperfection will play a significant role in determining the 
peak load. Earlier yield occurs in the finite element 
analysis indicating that the mode and magnitude of the 
initial imperfection may have been more critical than for 
the experiment. 
For model 2, which has a slightly stockier stiffener, 
the theoretical peak load predicted by the finite element 
analysis was 4.7% lower than the experiment. This better 
correlation is probably due to the fact that the stockier 
stiffener is less sensitive to the initial imperfection. 
Figures 3.5 and 3.6 show the lateral deflection of the 
stiffener and the radial deflection of the shell, as for 
model 1, showing the improvement in the correlation. 
3.2.3 Choice of initial imperfections for the parametric 
study 
It is well known that shells are sensitive to initial 
imperfections and their selection is critical in influencing 
the response of the structure. This was first realised by 
Donnell[3.4] who carried out a series of tests on axially 
loaded unstiffened cylinders. He found that there was 
considerable scatter in the results and that the ultimate 
loads of some of the shells differe46 by as much as 50% of 
the theoretical prediction. 
The selection of initial imperfection modes is 
therefore an important aspect of the analytical process as 
it is likely to have a strong influence on the behaviour and 
ultimate load of the shell. Initially it was decided to 
adopt 'n' circumferential half-waves around the shell and 
Stiffener( keeping the mode in the shell and stiffener the 
same) and to vary n until a critical waveform was 
established which produced a minimum shell strength. This 
appeared useful because very little information is 
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available on critical imperfection waveforms relevent to 
tripping. However, numerical difficulties were experienced 
in using this approach and reliable peak loads could not be 
obtained. In some cases the solution would oscillate within 
the region of the peak load and no unloading characteristic 
could be produced. In other instances some unloading was 
obtained but the solution would oscillate between two paths. 
Some of these problems were purely due to the occurrence of 
a number of close critical modes which can cause problems 
with some nonlinear strategies. Also, interaction between 
shell and stiffener buckling modes is likely to have 
complicated the response. 
Previous studies have used existing data on 
imperfection modes taken from experimental models. However, 
this is a complicated process with no guarantee of success 
or certainty that the modes used are the critical 
imperfection waveforms. 
Another option which has been adopted in the past is to 
carry out a linear eigenvalue analysis in order to determine 
the critical buckling mode. This is then adopted as the 
imperfection form in the nonlinear analysis. 
A previous study[3.5] indicated some success in 
overcoming the problems encountered with a more random 
selection of imperfection mode presumably because it eased 
some of the problems with mode interaction. It was therefore 
finally decided to adopt this approach. It should be noted 
that this appproach may still not give the exact critical 
waveform because of the differences between elastic and 
nonlinear behaviour. It was noted from reference[3.5] that 
when the full nonlinear analysis was carried out with the 
waveform corresponding to the lowest eigenmode from the 
eigenvalue analysis, the deflection profiles obtained 
differed from the initial mode suggesting that the 
imperfection should have been of a different form. This 
indicates that the neglect of pre-buckling displacements and 
plasticity in establishing critical imperfections can lead 
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to some differences. In chapter two it was shown that some 
of the plates which failed in different deflection profiles 
to the initial mode were subject to some enhanced 
stiffening. 
An alternative method of selecting the initial 
imperfection has been suggested in the reference mentioned 
above. The author suggests using the superposition of a 
number of principal modes. The main advantages of this are 
that the need for a preliminary analysis to determine the 
buckling mode is eliminated and the deflections are allowed 
to develop in whichever mode is preferred. 
The main difficulties with this are -the selection of 
the modes and what amplitude to apply to each mode. It was 
therefore decided to adopt the eigenvalue approach. 
The selection of initial imperfection magnitudes was 
carried out on a similar basis to chapter two. Tolerance 
values given by a relevant code of practice, in this case 
the DnV Clssification Notes[3.6] for buckling strength 
analysis, were adopted. Unfortunately, no guidance is given 
in the notes on the lateral displacement of the rings. The 
values adopted for this were taken from the DnV Rules for 
the Design, Construction and Inspection of Offshore 
Structures[3.1] for the lateral displacement tolerance 
allowed for girders, a related but not identical situation. 
3.2.3.1 Eigenvalue study 
Although the eigenvalue study was carried out primarily 
to establish the critical waveform, the critical loads 
obtained were found to be of interest in observing trends in 
the behaviour of the stiffener with variations in the 
parameters. The results of this study have therefore been 
presented together with the results of the nonlinear 
analysis. 
It should be noted that the imperfection modes obtained 
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from the eigenvalue analyses were not always perfect sine 
waves. For the nonlinear analysis, the number of half-waves 
used around the circumference was the same as those in the 
eigenvalue analysis but for simplicity in generating the 
waves, perfect sine waves were adopted. Also, in the 
longitudinal direction most of the shells exhibited an 
antisymmetric sine wave imperfection about the ring with 
adjacent panels having opposing directions of deflection. 
This was adopted throughout the analyses as it was felt that 
it would provide the most instability to the stiffener and 
give a lower bound estimate of the collapse load. 
3.2.4 Boundary conditions 
The model adopted to carry out the parametric study in 
the following sections was similar to that adopted for the 
correlation exercise. A single stiffener with associated 
shell plating has been used to model the behaviour of an 
infinitely long ring-stiffened shell. Only half of the shell 
has been modelled around the circumference in order to 
reduce the size of the model. Symmetrical boundary 
conditions were adopted to simulate the correct response. 
The boundary conditions are directly related to those 
adopted in chapter two where a similar model was used to 
investigate the behaviour of a multi-stiffened plate with 
symmetrical boundary conditions. 
It should be noted that in the text, reference has been made 
to 'n' circumferential half-waves around the cylinder. This 
relates to the model adopted i. e., half the circumference. 
The circumferential midpoint is taken as the centre of the 
shell model. 
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3.3 EXTENT OF PARAMETER STUDY FOR FLAT-BAR RINGS 
3.3.1 Effect of stiffener slenderness 
The design of ring-stiffened shells under external 
pressure is carried out, in the DnV design rules(3.1), such 
that tripping of the ring frames is avoided by placing 
limits on local ring slenderness. In addition, requirements 
are placed on the lateral inertia of the stiffener. The 
latter restriction is based on an equation derived from an 
energy method assuming that the stiffener is hinged to the 
shell. As the restrictions are primarily present to control 
the torsional behaviour of the stiffener, this hinged 
connection will underestimate the resistance of the tee- 
stiffeners and lead to a degree of conservatism in the 
design. The requirements also make it impractical to design 
flat-bar ring stiffeners using this approach as the 
requirement produces stiffeners with extremely small aspect 
ratios. The rules therefore effectively preclude the use of 
flat bar ring frames. 
However, the DnV classification notes[3.6] allow the 
use of flat-bar ring stiffeners with a limit on the web 
slenderness given by the same expression used for flat-bar 
stringer stiffeners. This appears to be conservative as it 
ignores any beneficial effect that the curvature may have. 
The API rules[3.7] allow the use of flat bar stiffeners by 
limiting the slenderness to 
y 
0.55 Iä 
For the steel properties adopted in the analyses this gives 
a value of 16 compared with a value of 11 from 
the DnV 
requirement. BS 5500[3.8], code of practice for the 
design 
of pressure vessels, assumes that the stiffener 
is simply- 
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supported to the shell plating and adopts a method proposed 
by Kendrick where the minimum tripping stress is obtained 
from a graph, given the shell parameters. A more rigorous 
approach has also been proposed by Kendrick[3.9] which 
allows for the changing rotational restraint at the shell. 
However, this latter method is not suitable for hand 
calculation. An upper limit of 16 is placed on the web 
slenderness in BS 5500 for stiffeners welded to the shell. 
Although the ECCS rules[3.10] notionally allow the use 
of flat-bar stiffeners, they do not appear to give any clear 
guidance on slenderness limits. 
In carrying out the analyses, the clear code 
requirements provided a framework around which parametric 
variation could be based. 
Figure 3.7 shows the variation of critical and ultimate 
pressure with increasing stiffener slenderness for three 
different shell slendernesses (R/ts=100 , 200 and 300). The ring 
spacing(l /R) is 0.10 in this case being a limiting case for 
a stocky panel. This reduces to a minimum any interactive 
effect from panel buckling but, of course will provide the 
strongest boundary condition for stiffener torsional 
restraint. 
For the R/tS=100 case, the eigenvalue analysis indicates 
that increasing the outstand slenderness has a marked effect 
on the critical pressure of the stiffened shell. The 
eigenmodes indicated in figures 3.8 and 3.9 show that this 
is primarily due to the torsional response of the stiffener. 
Since the shell is stocky in this case any shell interaction 
is likely to be limited. 
For a stiffener slenderness of 10, buckling occurred in 
a single half-wave, whereas the 15 to 30 cases gave two half 
sine waves( it should be noted that the eigenmode 
deflections are expressed as non-dimensional values, i. e 
values presented are ratios between different modes). The 
radial deflection of the shell was symmetrical about the 
circumferential mid-point of the analytical model for the 
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stockiest stiffener but the remainder gave a two half-sine 
wave asyiumetri-, about the centre-line. This is shown in 
figures 3.10 and 3.11. In this case the mode of the shell 
and stiffener are in: ympathy. It should be noted that in the 
nonlinear analysis the imperfection mode adopted is the same 
i. e two half sine waves but with the symmetry line shifted 
to give a symmetrical mode about the centre-line of the 
numerical model. 
As the R/ts of the shell is increased, the critical load 
reduces substantially but more importantly the ultimate load 
of the stiffened shell becomes almost constant with increase 
in stiffener slenderness. As the shell panel is buckling at 
a lower load level, it is likely that the stress in the 
stiffener outstand is not high enough to cause any 
significant lateral instability. For the shells with R/ts=200 
and stiffener slenderness of 10,15 and 20, the torsional 
buckling mode of the stiffener was a3 half-wave mode 
illustrated in figure 3.12. The amplitude of the 
displacements were very much smaller than for the R/t6=100 
case. The shell response is shown in figure 3.13. The 
wavelength of the shell mode is clearly significantly 
different to that of the stiffener, buckling in 
approximately 13 half-waves around the shell. Clearly, the 
response of the shell is having significant influence on the 
stiffener response. For the 20 and 25 cases, the stiffener 
mode obtained was again symmetrical but with six half-waves 
around the circumference, again with a much reduced 
amplitude. The shell also buckles into a series of half- 
waves around the circumference indicating that it is 
influencing significantly the response of the stiffener. 
For the R/t6=300 cases, similar results was obtained to 
the above. 
From the nonlinear analyses, it can be seen that the 
effects of plasticity and initial displacements have a 
strong influence on the ultimate load. The plasticity effect 
will clearly be more pronounced for the stockier stiffeners. 
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Figures 3.14 and 3.15 show the effect of increasing the 
stiffener slenderness on the radial deflection response of 
the shell for shell slendernesses(R/ts) of 100 and 200. For 
both cases it can be seen that increasing the stiffener 
slenderness causes a reduction in the ultimate load and an 
increase in the rate of unloading. However, the rate of 
unloading is not severe. This is partly due to the nature of 
the buckling modes which normally occur with shells under 
external pressure. These tend to consist of buckles with 
relatively large wavelengths. Critical imperfection modes 
for plates and shells tend to have smaller wavelengths which 
are more likely to occur under axial loading conditions. 
Figures 3.16 and 3,17 show how the mean hoop 
compressive stress in the stiffener outstand varies with the 
stiffener slenderness. Stiffeners with slendernesses(dw/tw) 
of 10 and 15 both reach yield, giving a first indication 
that the API rules appear to be more realistic for flat-bar 
ring stiffeners than DnV. 
For the R/ts=100 cases the stiffener tip displacements, 
for web slendernesses of 10 to 30 are shown in figures 3.18 
to 3.22. For the 10 case, it can be seen that a clear 
tripping mode at the centre of the stiffener has developed. 
The shell also buckled into a symmetrical single half-wave. 
For the 15,20 and 30 cases, the stiffener and shell both 
buckled in an asymmetric fashion, with a tripping mode in 
the stiffener. However, it is only for the 20 case that any 
significant reduction in the full load capacity of the shell 
occurs. Figure 3.23 shows the shell displacement for a 
stiffener slenderness of 20. A similar mode shape was 
obtained for all of the cases which suffered an asymmetrical 
stiffener failure. 
For the higher shell slenderness, R/t6=200, the shell 
tended to buckle away from the centre, which produced 
tripping at the symmetry positions for some of the shells 
investigated. Figures 3.24 to 3.28 show the lateral 
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stiffener tip displacement profile at different loading 
levels. For the 10 case, the initial three half-wave 
imperfection indicated by the eigenvalue analysis was not 
maintained throughout the loading and is likely to have 
caused some artificial stiffening. For the 15 case, tripping 
appears to have occurred at the symmetry positions, probably 
due to the high bending stresses imposed at these points due 
to the shell displacement. For the 25 and 30 cases the mode 
in the stiffener changed from three to six half-waves. For 
the 25 case, no significant torsional action was noted and 
the mode remained symmetrical about the circumferential 
midpoint of the analytical model. However, for the 30 case 
shown in figure 3.28, an asymmetric mode was produced, with 
tripping occurring at the circumferential midpoint. The 
effect of this is clearly shown in figure 3.17 which shows 
the load in the stiffener plotted against the lateral 
displacement. The peak load is reduced by about 30% from the 
10 case and the post-peak curve shows a sharp reduction away 
from the peak. 
A summary curve showing the effect of shell slenderness 
on the ultimate shell pressure is shown in figure 3.29. Some 
of the plate results obtained in chapter two are also shown 
in the figure representing the limit case of an infinite 
shell slenderness. Increasing the shell slenderness gives a 
reduction in the ultimate load as expected. 
3.3.2 Effect of ring spacing 
The ring spacing is one of the parameters in the 
Batdorf expression which can be used to determine the likely 
shell failure mode. As outlined' earlier, failure can occur 
either in an axisymmetric mode, where the shell forms an 
outward or inward uniform deflection around the 
circumference or in a periodic mode where a series of 
dimples form around the circumference. This is sometimes 
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referred to as a diamond mode. The former mode is normally 
associated with ring spacings up to about 0.15, typical of 
much current offshore construction. The latter case is more 
typical of shells with higher ring spacings and slender 
construction. 
Figure 3.30 shows a summary of the results obtained 
from the eigenvalue and nonlinear analyses for an increasing 
web slenderness and a ring spacing of 0.10 and 0.20 times 
its radius. From this it is clear that the ring spacing has 
a major influence on the ultimate load of the shell, with 
the eigenvalue analysis showing a maximum reduction of 60% 
and the nonlinear analysis 50% between the two spacings. 
Figures 3.31 and 3.32 show the shell and stiffener 
response for an 1s/R=0.20. Table 3.2 also shows a summary of 
the peak loads for the two different ring spacings with a 
shell slenderness of 100. 
The latter indicates a higher percentage reduction in 
strength for the stockier stiffener cases than for the more 
slender stiffeners as 15/R increases. This is to be expected 
as the effects of plasticity are more pronounced for the 
stockier elements. 
The unloading curves shown in figures 3.31 and 3.32, 
show a similar pattern of behaviour to the 0.10 cases, 
indicating that an increase in shell interaction may not be 
as critical as might have been expected. There is, however, 
a reduction in actual strength. 
Figures 3.33 to 3.37 show the lateral stiffener tip 
displacement at different stages of the loading. For the 
10,15 and 20 cases, it is clear that the critical mode was 
not the one adopted in the analysis and that some artificial 
stiffening may have occurred. For the 25 case the mode 
appears to have been retained but with the stiffener 
buckling asymmetrically about the circumferential midpoint 
of the model. 
For an R/tS=200, some difficulty was experienced in 
obtaining results due to numerical instabilities in the 
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region of the peak load. Oscillations occurred which made it 
difficult to predict the peak load accurately. Table 3.3 
summarises the results and compares them with the 0.10 case. 
3.3.3 Effect of stiffener imperfection 
Concern has been expressed[3.11] about the effects of 
large lateral stiffener imperfections(damage) on the 
behaviour of shells and in particular shells with slender 
flat-bar rings under external pressure. 
Figure 3.38 shows the reduction in collapse pressure 
that occurs for a cylinder with a moderately slender 
ring (d,, /tW=20) as the stiffener local outstand imperfection 
is increased. While differences do occur for the shell 
shown, there does not appear to be any dramatic reduction in 
load carrying capacity likely to cause major concern. Figure 
3.39 compares the ultimate pressure for cases where the 
lateral imperfection of the stiffener has the code tolerance 
requirement and six times the code value. In this figure the 
stiffener local slenderness is also varied. Again, while 
there are significant strength reductions with the higher 
imperfection, there is no evidence of a major problem. The 
study carried out here is limited and cannot be regarded 
applicable outside the range studied. The tests in reference 
[3.11] were carried out on models with a shell slenderness 
of 267, a ring spacing of 0.25 and a web slenderness of 8. 
In this case, any outstand failure that occurred is likely 
to have been a secondary failure mode given the relatively 
stocky web adopted and the high shell slenderness 
parameters. However, if the stiffener is damaged to the 
extent that it no longer performs its function, the shell is 
effectively unstiffened. 
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3.3.4 Effect of yield stress 
Many design codes adopt the non-dimensional plate 
slenderness parameter 
dw °Y 
tw E 
in defining panel slendernesses. The expression was 
confirmed by Frieze[3.12] who found that if the relative 
strength of a plate with the same aspect ratio, but with 
different yield stresses, is plotted as a function of A then 
the curves are unified. The strength of the panel is 
therefore uniquely defined by this non-dimensional 
parameter. The expression has been checked with respect to 
curved panels as part of this study. 
Figure 3.40 shows the results for yield stress values 
of 250 and 35 IInwn? Ao expected, an increase in the yield 
strength causes a reduction in the relative strength of the 
stiffened shell. This is due to a relative increase in 
buckling of the stiffened shell. The normal plate 
slenderness non-dimensionalising factor , the square root 
of the yield stress, unifies the two response curves to a 
good degree of accuracy as shown in the figure. 
3.4 TEE-RING STIFFENERS 
The previous section has looked at the behaviour of 
flat-bar ring stiffeners. As has already been mentioned, 
while flat-bar rings are easier to fabricate than tee-rings 
and hence cheaper, tee-rings appear to be more commonly used 
as stiffening members. This is partly due to the enhanced 
inertia of the tee-ring which provides a more effective 
resistance to buckling and also due to their robustness and 
ability to withstand impact loads. 
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As with the flat-bar rings, restrictions on the 
slendernesses of the web and flange are imposed in order to 
prevent tripping and local plate action. A range of 
parameters has been selected for investigation which go 
beyond these limits in order to establish the conservatism, 
if any, of the design requirements. As in the previous 
section, DnV tolerance values have been adopted for the 
imperfection magnitudes and an eigenvalue study carried out 
to determine the initial imperfection modes. The study was 
slightly different in this case in that the eigenvector 
obtained from one run was used in a series of non-linear 
runs to investigate the variation of a particular parameter. 
It was felt that this would provide a more consistent 
comparison of a given parameter. 
3.4.1 Effect of web slenderness 
The limit of web slenderness specified by DnV is 20. 
The study presented in this section varied the web 
slenderness between 15 and 30. 
Figure 3.41 shows a summary of the eigenvalue results 
obtained for a shell slenderness of 100. Increasing the web 
slenderness for a constant flange slenderness of 5(within 
code guidance) gives a significant reduction in the critical 
load. The displacements of the web at the stiffener flange 
intersection and of the shell along the symmetry line around 
the circumference are shown in figures 3.42 and 3.43 
respectively for a web slendernesses of 15. Modes for other 
slenderness values were identical. Increasing the web 
slenderness did not appear to have any effect on the 
deformation mode of the stiffener, the stiffener showing a 
torsional mode consisting of a single half-wave in all 
cases. 
However, for flange slendernesses of 15,20 and 25 the 
results were not as clear. In all these cases, an increase 
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in strength was noted with increasing the web slenderness 
from 15 to 20. For both these web slendernesses, the 
displacement profiles for the three flange slenderness 
values are shown in figures 3.44 to 3.49. For the remaining 
web slendernesses the displacement profiles consisted of a 
single half-wave as illustrated in figures 3.42 and 3.43. 
The increase in the flange slenderness alters the failure 
mode but this may only be due to an increase in inertia 
which occurs when the web and flange slendernesses are 
increased. Due to the fact that initial deformations and 
plasticity are not incorporated the resulting instability 
modes may be different to the collapse behaviour. 
Looking at the results of the nonlinear analyses, 
figure 3.50 shows the variation in the peak pressure for a 
varying web and flange slenderness. Comparing this figure 
with the results of the eigenvalue analysis shown in figure 
3.41, it can be clearly seen that a more definitive pattern 
is obtained. Increasing the web slenderness produces no 
significant reduction in load until the web slenderness is 
increased beyond 25. An increase in flange slenderness 
generally gives a small reduction in load apart from the 
case with the very slender web (dw/tw=30) where differences 
are more marked. The flange slenderness therefore does not 
appear to have a large influence on the load capacity of the 
shell except in the area where the high web slenderness is 
alrea4yi causing difficulties. 
Figures 3.51 to 3.55 show the lateral response of the 
stiffener against applied pressure for an increasing web 
slenderness and a constant flange slenderness. It can be 
seen that there is a significant loss in stiffness before 
the peak load is attained for d, /tw=30, whereas the 
remaining cases all show the same stiffness. Clearly a limit 
to the lateral stiffness has been attained between 25 and 30 
that can maintain the full load capacity of the section. 
Figures 3.56 and 3.57 show the lateral stiffener 
displacement of the web tip and the shell along its symmetry 
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line at the peak load. In both cases the initial mode 
adopted has been maintained. Figures 3.58 and 3.59 show the 
same profiles at some stage during the unloading. Again, the 
initial modes have been maintained although the shell has 
formed small dimples at the centre and edges. Figures 3.60 
to 3.64 show the maximum radial displacement plotted against 
the pressure nondimensionalised. These show that the shell 
did not suffer any significant radial displacement for any 
of the cases considered and is unlikely to have had any 
significant influence on the stiffener response. The loss in 
stiffness and load capacity appears to be purely due to the 
torsional action of the web. 
The shell and stiffener response for all of the R/tS=100 
cases showed a similar response to those shown in figures 
3.56 to 3.59. All the models showed a stiffener torsional 
buckling mode but no actual tripping was noted. 
3.4.2 Effect of shell slenderness 
The importance of the Batdorf parameter in determining 
the type of shell buckling that can occur has already been 
explained. As the shell slenderness is one of the factors in 
this expression, it will influence the degree of interaction 
that may occur with the rings and possibly the degree of 
restraint offered to the rings. 
Current offshore structures normally have an average 
shell slenderness of about 250 but more slender designs are 
likely to be produced with the proposed floating production 
systems. In this section, the shell slendernesses examined 
were limited to 100 and 200. The 100 case allows the 
stiffener behaviour to be isolated to a good degree and this 
has been investigated in the previous section. This section 
deals with the 200 case so that interaction effects could be 
examined although it then becomes more difficult to draw 
firm conclusions. 
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Figure 3.65 shows a summary of the results obtained 
from the eigenvalue study. As with the stockier 
case(R/t6=100) , no definite conclusions can be drawn from the 
eigenvalue study apart from the fact that increasing the 
flange slenderness reduces the critical load. The bf/tf=0 
curve again does not form a clear lower bound to the results 
as with the stockier case. For the higher is/R values 
increasing the web slenderness increases the critical load. 
This is probably due to the fact that the inertia of the 
stiffener is also increasing. 
Figures 3.66 and 3.67 show the stiffener tip and radial 
shell profiles obtained for a flange slenderness of 10 and 
web slendernesses of 15 and 25 respectively. The 15 case 
gave a number of small waves around the circumference, not 
untypical of a critical shell mode. The more slender web 
stiffener also buckled into a series of waves around the 
shell but with larger wavelengths more typical of shell 
modes under external pressure. The modes were the same in 
the shell and stiffener. 
Figure 3.68 shows the peak loads from the nonlinear 
analyses illustrating the effect of increasing web and 
flange slendernesses. Unfortunately a full set of results 
could not be obtained. Numerical difficulties were 
experienced with web slendernesses of 20 and 30. For a 
flange slenderness of 5, peak loads were obtained but not 
all of the unloading curves could be established. 
For a web slenderness of 15 and af lange slenderness of 
25 a tripping failure mode occurred. The eigenvalue analysis 
for this case showed an asymmetric failure mode for both the 
stiffener and shell response. These are shown in figures 
3.69 and 3.70. For the nonlinear analysis a single half-wave 
imperfection was adopted which was maintained up to the peak 
load for the stiffener and shell response. This is shown in 
figures 3.71 and 3.72. During unloading, an asymmetric 
failure mode develops in both the stiffener and shell. The 
stiffener response is a failure mode with a relatively small 
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wavelength . It is difficult to say whether tripping occurred 
before the shell failure as symmetry was still perfect at 
the peak load. The stiffener and shell response after the 
peak are shown in figures 3.73 and 3.74. 
For a web slenderness of 25 a tripping mode occurred 
for all the flange slendernesses examined. The eigenvector 
for a flange slenderness of 5 gave a two half sine wave 
mode, asymmetric about the centre of the model. This is 
shown in figures 3.75 and 3.76 which show the displacement 
of the tip of the web and the shell along its symmetry line. 
This mode was adopted for the imperfection state in all of 
the nonlinear analyses carried out for a web slenderness of 
25. 
Figures 3.77 and 3.78 show the displacement profiles 
from the nonlinear analysis at the peak load. A clear 
asymmetric mode has developed in the stiffener indicating 
that the stiffener is initiating collapse. The post peak 
shapes of the stiffener and shell are shown in figures 3.79 
and 3.80. Clearly a tripping mode has developed in the 
stiffener with local shell buckling occurring at the same 
location. 
The load displacement response of the stiffener and 
shell are shown in figures 3.81 and 3.82. The displacements 
have not in this case been nondimensionalised. For 
reference, the shell thickness is 25 and the web thickness 
34mm. These values were constant for all of the curves shown 
in figures 3.81 and 3.82. The stiffener displacements are 
about twice as large as those of the shell. There seems 
little doubt that the stiffener behaviour is causing the 
failure. Increasing the flange slenderness does not appear 
to cause any drastic reduction in the peak load. This was 
also noted for the stockier case. 
Figure 3.83 summarises the results including data 
obtained from a flat panel analysis using tee-bar 
stiffeners. For the flat-bar case, increasing the shell 
slenderness gave a gradual reduction in peak load. In this 
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case, the infinite shell stiffness model gave a higher 
strength than the 200 case. This could be due to the fact 
that tripping occurred with the latter. 
3.4.3 Effect of ring spacing 
The importance of the ring spacing in influencing shell 
behaviour has already been outlined in section 2.4.2. Ring 
spacings of 0.10 and 0.20 were examined. Unfortunately, only 
results for a shell slenderness of 100 were obtained in the 
case of the higher ring spacing. Numerical difficulties were 
obtained with higher shell slendernesses and even some of 
the 100 cases gave problems. 
Figure 3.84 and 3.85 compare the results of the two 
ring spacings examined. Figure 3.84 summarises the critical 
loads obtained from the eigenvalue analyses and 3.85 the 
peak pressure nondimensionalised with respect to the yield 
pressure. Most of the eigenvalue analyses showed a slightly 
different trend in behaviour between the two ring spacings. 
For a flange slenderness of 5, the behaviour is similar. The 
shell and stiffener buckled in a small number of half-waves, 
the dw/tW=25 and 30 case being identical. Figures 3.86 to 
3.89 show the stiffener displacements for these cases. The 
shell buckled in a similar number of half-waves. For the 
higher flange slendernesses, 15,20 and 25, increasing the 
web slendern» produced an approximately linear increase in 
the critical load. This appears to reflect the increase in 
the inertia of the stiffener as the web slenderness is 
increased. The displacement profiles for all of these cases 
consisted of a series of half-waves with much smaller 
wavelengths as shown in figures 3.90 to 3.92. Increasing the 
web slenderness does not appear to alter the mode in any way 
for these cases. 
For the nonlinear analyses, the results for a ring 
spacing of 0.20 do not show any real trend. For the 0.10 
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case, it has already been mentioned that there appears to be 
a distinct drop in the ultimate pressure for a web 
slenderness of 30. None of the cases investigated for a ring 
spacing of 0.20 showed any torsional behaviour. The 
behaviour of the stiffener was such that it buckled in a 
series of small half-waves around the shell with much 
smaller wavelengths. The shell buckled in a single half- 
wave. These deflected forms are shown in figures 3.93 and 
3.94. The only real conclusion from this study is that as 
the ring spacing increases, resulting in a reduction in the 
shell collapse pressure, the torsional or local buckling 
behaviour of the stiffeners causes no problems within the 
range of slenderness examined. Notionally at least high 
outstand slendernesses appear possible therefore for many 
cylinders with high shell slenderness proportions. 
3.5 CONCLUSIONS 
The use of a simple model with symmetrical boundary 
conditions, depicting an infinitely long ring-stiffened 
shell has been successfully applied to investigate a number 
of parameters influencing stiffener behaviour. Little data, 
particularly in respect of post-peak responses, have been 
published and as such the study has provided useful data for 
future researchers and an improvement in understanding of 
the parameters which influence the response of the 
stiffener. For ease of reference, all of the results have 
been summarised in tables 3.4,3.5 and 3.6. The results will 
be reviewed generally in chapter five where design rules are 
assessed. The difficulty of obtaining results in some cases, 
particularly with the more slender models, has highlighted 
the numerical complexity involved in analysing shells and in 
particular the tripping response of the stiffener. 
The initial part of the study related to establishing 
the critical modes of the different models. This was 
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achieved by means of an eigenvalue analysis which proved to 
be helpful in providing imperfection modes for the non- 
linear analyses, as the use of a more random selection of 
initial imperfection mode did not provide any useful 
results. However, this method of selecting an initial mode 
for the nonlinear analysis did not always prove successful. 
Sometimes the response of the shell indicated that the 
initial mode adopted was not the critical mode and that the 
effects of plasticity and pre-buckling displacements 
affected the buckling mode significantly in some cases. 
The trends in the ¢t9envalue analysis indicated the 
effects of various parameters on the shell and gave4xfood 
indication of the slenderness regions where stiffener 
buckling was becoming important. For a shell slenderness of 
100 and a ring spacing of 0.10, the eigenvalue analysis 
indicated that increasing the web slenderness for both the 
flat and tee-bar rings caused a significant drop in the peak 
load. The eigenvectors indicated that this was due to a 
torsional buckling mode. This was not the case for the more 
slender shell, where shell buckling dominated behaviour. In 
all cases the loss in peak load was not drastic, indicating 
that the effect of mode interaction may not be as critical 
as initially expected. 
For the flat-bar ring stiffeners, the nonlinear 
analyses indicated tripping failure in some of the cases 
investigated. With R/t6=100 and lg/R=. 10, a tripping failure 
was observed but the the full yield capacity of the shell 
was still achieved. This occurred for web slendernesses of 
10 and 15. 
Increasing the stiffener imperfection for the flat-bar 
stiffeners, did not produce any drastic reduction in peak 
load as has been previously suggested[3.11]. However, the 
effect of initial plasticity which could be induced by a 
large local dent was not considered. 
For the tee-bar stiffeners, tripping was obtained in 
the more slender shell cases examined. The displacement 
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profiles obtained indicated that this tripping was the main 
cause of the initial failure of the shell. There was no 
drastic loss in load capacity for increasing web 
slenderness, again indicating that interaction effects are 
not extensive. 
The unloading curves obtained from the shell response 
where a tripping failure was observed do not appear to be as 
severe as those for the plate obtained in chapter two. This 
is due to the fact that an axially loaded plate is likely to 
adopt a failure mode in sympathy with one of its critical 
modes. For a ring-stiffened shell under external pressure, 
the failure mode tends to consist of a small number of half 
waves around the shell and relatively long waves in the 
axial direction. Critical shell modes tend to consist of a 
larger number of small waves around the circumference. The 
failure mode is therefore not in sympathy with the critical 
she" mokwO. tI unloading response is softer. 
The results will be considered further in the design 
context in chapter five. 
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MODEL R 
(mm) 
t. 
(mm) 
d 
(mm) (mm) 
R/t. d/t 1. /R a, (Web) 
N/mm= 
0, (f lange) 
N/mm= 
1 500 15 150 5 125 33.33 30 0.250 '406 390 
2 500 15 144 8 125 33.33 18 0.250 338 390 
Table 3.1 Geometry of models 
R/ts 18/R d/t P/Py Pcr 
(N/mm2 ) 
100 0.10 10 1.000 64.430 
15 0.986 38.950 
20 0.910 25.500 
25 0.803 18.000 
30 0.771 13.460 
100 0.20 10 0.894 20.420 
15 0.871 17.670 
20 0.846 11.290 
25 0.815 7.810 
30 0.791 5.698 
Table 3.2 Summary of results for a shell 
slenderness of 100. 
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R/ts 1s/R dW/tw P/P,, PCr 
(N(mm2) 
200 0.10 10 0.961 4.860 
15 0.986 4.899 
20 0.859 4.938 
25 0.771 4.712 
30 0.734 3.524 
200 0.20 10 0.690 1.806 
15 0.702 1.807 
20 - 1.809 
25 0.699 1.811 
30 0.683 1.812 
Table 3.3 Summary of results for a shell 
slenderness of 200. 
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R/t8 1g/R dW/tG, b, /t,, P/Py Pcr 
(N/mm2 ) 
100 0.10 15 0 0.986 38.950 
5 1.029 44.980 
10 1.020 36.666 
15 1.010 27.062 
20 1.004 22.981 
25 1.001 20.698 
100 0.10 20 0 0.910 25.500 
5 1.028 31.407 
10 1.016 36.620 
15 1.005 34.199 
20 0.999 28.946 
25 0.998 26.119 
100 0.10 25 0 0.803 18.000 
5 1.023 15.436 
10 1.006 15.182 
15 0.994 14.999 
20 0.985 14.868 
25 0.976 14.731 
100 0.10 30 0 0.771 13.460 
5 0.904 13.639 
10 0.830 12.524 
15 0.789 11.898 
20 0.784 
1 
11.835 
--A 
25 0.769 11.603 
Table 3.4 Summary of results obtained from eigenvalue 
and nonlinear analysis. 
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R/t. 1g/R dw/tw bf/tf P/P Per 
(N/mm2) 
200 0.10 15 0 0.873 4.899 
5 0.910 8.554 
10 0.867 4.862 
15 0.910 3.670 
20 0.908 2.943 
25 0.904 2.360 
200 0.10 20 0 0.859 4.938 
5 0.945 9.753 
10 0.919 6.659 
15 0.931 4.626 
20 0.926 3.333 
25 - 2.677 
200 0.10 25 0 0.771 4.712 
5 0.825 8.361 
10 0.850 8.175 
15 0.852 5.077 
20 0.865 3.664 
25 0.877 2.982 
200 0.10 30 0 0.734 3.524 
5 0.879 6.556 
10 0.838 6.395 
15 0.807 6.152 
20 0.792 5.748 
25 0.782 4.843 
Table 3.5 Summary of results obtained from eigenvalue 
study and nonlinear analysis. 
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R/ts 1. /R dw/tw bf/tf P/ Py Pcr 
(N/MM2) 
100 0.20 15 0 0.871 17.670 
5 0.849 23.496 
10 0.855 11.871 
15 0.855 7.413 
20 0.865 5.770 
25 0.863 4.924 
100 0.20 20 0 0.846 11.290 
5 0.838 18.173 
10 0.846 13.443 
15 0.843 8.638 
20 0.836 6.904 
25 0.833 5.973 
100 0.20 25 0 0.815 7.810 
5 0.912 14.290 
10 0.875 14.932 
15 0.871 9.910 
20 0.866 8.043 
25 0.865 7.026 
100 0.20 30 0 0.791 5.698 
5 0.869 11.550 
10 - 13.040 
15 0.908 11.198 
20 - 9.179 
25 0.852 8.077 
Table 3.6 Summary of results obtained from eigenvalue 
study and nonlinear analysis. 
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Point load 
Point load 
Figure 3.1 Loading arrangement on test model 
Figure 3.2 Mesh adopted for correlation exercise 
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Figure 3.4 Load deflection curves for correlation exercise 
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Figure 3.6 Load deflection curves for correlation exercise 
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Figure 3.11 Radial shell displacement pattern 
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Figure 3.12 Out of plane web tip displacement pattern 
192 
= 200 
= 0.10 
10 
EIGENVECTOR 
R/t_ = 100 
EIGENVECTOR R/t 
EIGENVECTOR 
Perfect shell profile 
Z 
jy 
R/ts = 200 
1S/R = 0.10 
dW/t = 10 
Symmetry line 
Figure 3.13 Radial shell displacement pattern 
P/Py 
L 1.0 
N 
N 
Q) 
L 
Q. 
q0.8 
C 
x 
°' 0.6 
w 
Q. a 0.4 
A 
C 
0 
0.2 
a) 
E 
0.0 
0 
Figure 3.14 Applied pressure against maximum radial shiffener 
displacements for an increasing web slenderness 
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Figure 3.15 Applied pressure against maximum radial stiffener 
displacements for an increasing web slenderness 
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Figure 3.16 Variation of average hoop stress in stiffener with 
increasing lateral stiffener displacement 
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Figure 3.31 Applied pressure against maximum radial displacements 
for an increasing web slenderness 
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Figure 3.32 Applied pressure against maximum out of plane web tip 
displacement for an increasing web slenderness 
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Figure 3.38 Effect of varying the outstand imperfection on the 
collapse pressure 
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Figure 3.41 Effect of increasing web tip and flange slenderness on 
the critical pressure 
Figure 3.42 Radial shell displacement pattern 
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Figure 3.50 Variation of ultimate pressure for an increasing web and 
flange slenderness 
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Figure 3.51 Effect of increasing the web slenderness on the out of 
plane web tip displacements for a given flange slenderness 
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Figure 3.52 Effect of increasing the web slenderness on the out of 
plane web tip displacements for a given flange slenderness 
212 
100 200 300 400 
Out of plane web tip displacement (mm) 
100 200 300 400 
Out of plane web tip displacement (mm) 
P/Py 
L 1.0 
N 
L 
a 
0.8 ro 
v 
4 
v 0.6 
v 
a) 
a 
0.4 
(o c 0 
0.2 
E 
v c 
0 0.0 
Figure 3.53 Effect of increasing the web slenderness on the out of 
plane web tip displacements for a given flange slenderness 
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Figure 3.54 Effect of increasing the web slenderness on the out of 
plane web tip displacements for a given flange slenderness 
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Figure 3.55 Effect of increasing the web slenderness on the out of 
plane web tip displacements for a given flange slenderness 
Figure 3.56 Out of plane web tip displacements at peak load 
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Figure 3.58 Out of plane web tip displacements in the unloaded state 
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Figure 3.59 Radial shell displacements in the unloaded state 
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Figure 3.60 Effect of increasing web slenderness on the maximum radial 
stiffener displacement for a given flange slenderness 
216 
0 100 200 
Maximum radial stiffener displacement 
P/Py 
L 1.0 
4) 
i 
CL 
0.2 
L 
v 
0.6 
v 
a) 
a 
0.4 ro 
ro 
c 
0 
0.2 
N 
E 
V c 
0.0 
0 
(mm) 
R/ts = 100 
15/R = 0.1 
bf/tf = 10 
dW/tw 
0 15 
0 20 
" 25 
30 
Figure 3.61 Effect of increasing web slenderness on the maximum radial 
stiffener displacement for a given flange slenderness 
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Figure 3.62 Effect of increasing web slenderness on the maximum radial 
stiffener displacement for a given flange slenderness 
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Figure 3.63 Effect of increasing web slenderness on the maximum radial 
stiffener displacement for a given flange slenderness 
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Figure 3.64 Effect of increasing web slenderness on the maximum radial 
stiffener displacement for a given flange slenderness 
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Figure 3.66 Out of plane web tip displacement pattern 
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Figure 3.67 Out of plane web tip displacement pattern 
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Figure 3.68 Effect of varying the web and flange slenderness on the 
ultimate pressure 
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Figure 3.70 Radial shell displacement pattern 
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Figure 3.71 Out of plane web tip displacements at peak load 
Figure 3.72 Radial shell displacements at peak load 
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Figure 3.73 Out of plane web tip displacements in the unloaded state 
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Figure 3.74 Radial shell displacements in the unloaded state 
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Figure 3.76 Radial shell displacement pattern 
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Figure 3.78 Radial shell displacements at peak load 
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Figure 3.79 Out of plane web tip displacements in the unloaded state 
Figure 3.80 Radial shell displacements in the unloaded state 
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Figure 3.81 Effect of increasing flange slenderness on the out of 
plane web tip displacements for a given web slenderness 
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Figure 3.82 Effect of increasing flange slenderness on the maximum 
radial shell displacement for a given web slenderness 
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Figure 3.84 Effect of ring spacing on critical load 
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Figure 3.86 Out of plane web tip displacement pattern 
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Figure 3.88 Out of plane wed tip displacement pattern 
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Figure 3.89 Out of plane web tip displacement pattern 
Figure 3.90 Radial shell displacement pattern 
231 
EIGENVECTOR R/t_ = 100 
EIGENVECTOR R/ts = 100 
,nA7 
Figure 3.91 Out of plane web tip displacement pattern 
Figure 3.92 Out of plane web tip displacement pattern 
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Figure 3.94 Radial shell displacements in the unloaded state 
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CHAPTER FOUR 
MECHANISM APPROACH FOR THE ANALYSIS OF 
FLAT BAR STIFFENERS 
4.1 INTRODUCTION 
The previous two chapters have presented results for 
the collapse of flat and curved panels based on the finite 
element method which has accounted for both geometric and 
material non-linearity. In practice, it is quite expensive 
to carry out such extensive finite element analyses due to 
the high computer costs involved and the time taken to 
complete the numerical analyses. It is therefore quite 
useful to be able to provide similar information at a much 
faster rate and at a lower computer cost, even if it is 
only at a preliminary design stage. 
An attempt has been made in this chapter to provide 
some of this information with the use of plastic 
mechanisms. 
The first part of the chapter describes an existing 
tripping mechanism developed by Murray[4.1], in which the 
unloading characteristic of a flat-bar stiffener welded to 
a flat plate is predicted. This has then been correlated 
with some of the results obtained in chapter two. 
The basis of this mechanism has then been used to 
develop a more complex model to describe the unloading 
behaviour of a flat-bar ring stiffened shell subject to 
external pressure loading, which has suffered a tripping 
failure. An attempt has also been made to predict the 
peak load by obtaining the intersection of the unloading 
curve with a simple elastic loading line. The approach 
has 
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been correlated with some of the results obtained in 
chapter three and a small parameter study has been carried 
out. 
4.2 TRIPPING OF FLAT-BAR STIFFENERS 
Unloading curves based on rigid plastic theory are 
used to predict the variation in the load beyond peak 
capacity with changes in the geometry of the structure. 
These can provide useful data on the suddenness of 
collapse and the possible sensitivity of the structure to 
initial imperfections. They can also be used to predict 
the energy( area under load displacement curve) that the 
structure can absorb under impact. This information can be 
useful in collision studies which might be of interest for 
example in the design of offshore structures. 
The literature review presented in chapter one has 
highlighted the fact that very little work exists on the 
tripping of flat-bar stiffeners. Murray [4.1] has 
attempted to describe the unloading behaviour of flat-bar 
stiffeners welded to flat plates using rigid plastic 
theory. More recently Bhat and Wierzbicki[4.2] have 
established a model to describe the same behaviour based 
on an extension of Shanley's model[4.3]. 
The next section describes Murrays mechanism in 
detail as it has been extended and modified. 
4.2.1 Murray mechanism 
The mechanism approach of Murray assumes that failure 
occurs in the form of a 'v' shape deformation in the flat- 
bar stiffener at the centre of the plate under uniaxial 
compression and bending. This is shown in figure 4.1. 
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The 'v' deformation is made up of three plastic 
hinges, two of which are inclined at an angle ß, to the 
direction of thrust. This is shown in figure 4.2, which 
illustrates the stiffener in isolation from the plate. 
In order to begin the analysis, it is first necessary 
to establish the moment capacity of a plastic hinge at 
right angles to the direction of the thrust. 
Assume that the stress distribution through the 
stiffener is as shown in figure 4.3. The stress 
distribution can be divided into a bending and an axial 
component, with the central portion thought of as carrying 
the axial load N, while the outer portions carry the 
reduced plastic moment MP 11. 
The axial load is given by: 
Nw = QS, dyais 
which gives t1 
N 
=w (4.1) oydw 
and the reduced plastic moment as 
M/ =vd 
(tw-t1) (tw+t1) 
M, 1 
Yw22 
22 
= aYdw 
(tw 
4 
-tl) (4.2) 
Eliminating tl from 4.2 gives: 
22 
- 
ayds,, w 
Nw 
MPI 
-4 
Q2 t2d2 ww 
vydwtw 
using Mpi= 4 
the fully plastic moment of the cross-section, and 
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NY = vydwtw 
2 
MP1 becomes Mp1 1- 
Nw 
(4 
.3) 
Since the tripping response involves a hinge inclined 
at an angle ß to the direction of the load, it is 
necessary to establish the moment capacity at this angle. 
Considering the diagonal portion Ao of the trip, in which 
the section is fully yielded, and assuming that the stress 
distribution is the same as in figure 4.3, the twisting 
moment at the angled yield line becomes: 
Mp1ý = QY 
(tW+tl) (tW-t1) 
dwsecß 
22 
= MPlsecf3 
Figure 4.4 shows the vector diagram of the moments 
acting on the section. It can be seen that the resultant 
moment acting on the section at some point away from the 
inclined hinge and at a right angle to the direction of 
thrust is given by : 
Mp1 = Mpisec2ß (4.4) 
The validity of this expression was verified by 
Murray[4.4] experimentally. 
For the tripping mechanism to occur, lateral 
displacements along the yield lines vary which will 
produce a non-uniform distribution of load over the height 
of the stiffener. In order to obtain the total load on the 
section it is necessary to consider an elemental strip of 
width dg at a height g above the toe of the stiffener as 
shown in figure 4.2. 
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Substituting Nu, as dNu, and du, as dq into equation 4.3 
gives: 
M, - 
o1'dgt`y 
1 
dw 2 
P1 -4 oydgtw 
Substituting into equation 4.4 gives : 
Q tw dNw 2 MPI 
41Qt dg 
dgsec2ß (4.5) 
yw 
For rotational equilibrium of the element AC about an 
axis lying in the plane of the plate : 
dNý = Mpi +M1 = K1Mp1 (4 .6) 
where Kl =1 +sec2 ß 'L Z. %. 
C1 r4 
L 
From equations 4.5 and 4.6 : 
4df4 Ac Cr 
Crv 
y. CI 9 
Simplifying, this reduces to a quadratic equation in 
dNG, " 
al, 
ýf +4 `'A coydg -vYt2dg2 =0 K1 
Solving for dNG, gives 
a 
dNw = vyt 
2ýc 
+i- dg 
Kltw K1tW 
where by simple proportion : 
9 dw 
d w 
(4.7) 
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substituting into 4.7 gives 
dNw = ayt 
4g2A2 
+1- 
2gd dg (4 
. 8) dwK1 t2 w 
dwKi t,,, 
The total load is given by : 
Nw = Qytw 
d 4g2A 
2 
+1- 
2gg dg 
J0 dWK1 tw dwKi tw 
The result of this integral gives the total load as : 
Nw = 
Qy_wdw 2D 2+1+ Kl twl 2A 2+1+ 20 
Li(4.9) 
2 Kltw 2A Kltw Kltw Kit 
The evaluation of this integral is given in appendix 4.1 
The expression for N47 appears to become infinite when A is 
zero. However using L' Hopitals rule shows that the 
expression tends to the squash load : 
NY =ayt,,, dk, (4.10) 
This is also shown in appendix 4.1. 
The moment of the load about point 0 is found from 
Me = 
fgaww 
where M. = external moment =Nwe 
fdwt( Me 
2gA 2+ 1- gA ggdgg (4.11) 
l tw i, 
K1 
w 
dwK 
Figure 4.5 shows the panel in a displaced position, 
with the load acting at an eccentricity e above the toe of 
the web. 
At this stage it is necessary to make an assumption 
as to the load 'in the plate. The procedure adopted 
is to 
assume a depth of tensile yield zone dt in the plate. 
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Considering only half of the panel shown in figure 
4.6, indicating the forces acting and applying equations 
of equilibrium, then 
NT = Nw+Np (4.12) 
and NT(Sv+e) = Mp-Np 
tp+N, 
2 
(4.13) 
In order to ensure that the deformations are 
compatible with the displaced shape, it is necessary to 
relate the vertical displacement with the out of plane 
stiffener displacement. 
Considering figure 4.7 : 
6 
v= 
a a= 8 (i) 2 
P 
d 11-11cosy = sins (4.14) an 
also öv = llcosytana 
A= Isiny 
from (4.14) cosy = 1- 
h2sina 
1 
(4.15) 
1 
Using 
h2 
= tan(90-a-0) 
1 
tan(90-a-(3) 
tan90-tan (a+ß) _ 12 (4.16) 
1+tan90tan(a+ß) I, 
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Murray then divides this expression by tan(90) which tends 
to infinity. This is an approximation, which assumes that 
tan(a + ß)/tan(90) tends to a small value even for large 
a. Equation 4.16 now becomes: 
tan (90-a-ß) = 1- 
sins (4.17) 
tan (a+ß) 
Using A2+11cos2y = 12 
sins 2 D= 11 1-ý1- 
tan(a+ß) 
(4.18) 
Also 11 = dktan(a+ß) 
Equation 4.18 now becomes : 
dwtan(a+ß) 1_ 1_ sins 2 (4.18) 
tan (a+ ) 
Tan(a+ß) can be expressed as : 
tan (a + ß) - 
tana +tanß 
1+tanatanß 
In this case a«ß and Tan(a+ß) can therefore be 
approximated to tan(ß). 
Equation 4.18 now becomes : 
, &2 = 1- 1- 
sins 2 
22 tang dwtanß 
Simplifying this becomes: 
02 
_ 
2sina 
d2tan20 tang 
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As a tends to 0, sin(a) tends to a 
Therefore a=& 
2d2tanß 
(4.19) 
02 
1p 
Hence S 
v+ el =22+ el (4 . 19 a) 2dwtanß 
From figure 4.5 it can be seen that the force and moment 
in the plate are : 
Np = a, b(tp-2dt) (4.20) 
Mp = aybdt(tp-dt) (4.21) 
Using equations 4.12 and 4.20, dt is given by : 
(NT-NW) 
dt =0 . 5tp- (2o, b) 
or dt = AINT+Bl 
where Al 
Q and 2 vb 
Substituting equation 4.21 into 4.13 gives : 
NT(BV+e) = cld2+Dldt+Fl (4.24) 
at 2b 
where cl = -orb , DI = 2vytpb and 
F1 = Nves- ß'2p 
(2.22) 
(4.23) 
B' = 0.5tp+ 
N", 
2 Qyb 
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Substituting equation 4.23 into equation 4.24 
produces a quadratic equation in NT, the solution of which 
is 
NT = 
av+e-A"D'-B"V [8, +e-AID -B ] 2-4A 2C (-C-7-B7 2+D B +F ) 
2A12CI 
(4.25) 
For a given trip angle B, the equation is used by 
assuming a value for the out-of-plane stiffener 
displacement e, substituting it into equation 4.19a to 
find (6+e) and then into equations 4.8 and 4.11 to find 
the load and moment acting on the web. The expressions are 
solved numerically by splitting the web into a number of 
strips. Adequate accuracy is obtained by assuming 10 
divisions. NT is then evaluated from expression 4.25. A is 
varied and new values obtained producing the unloading 
curve. The process is then repeated for a different value 
of B until the lowest curve is obtained. 
Before examining the results of the mechanism, it is 
worth noting some of the assumptions made in the 
derivation. The mechanism assumes that the hinge( 
tripping) will occur at the centre of the panel. In 
practice, this will not always be the case. The actual 
location is likely to be dependent on the initial 
imperfections in the stiffener and the plate. In the 
models used in (hapte Two, tripping occurred at two 
points due to the fact that a two half sine wave mode was 
adopted as the initial imperfection. 
No constitutive relationship relating stress 
increments to strain increments subsequent to yielding 
is 
considered. This means that the in-plane movements at 
the 
edge cannot be accurately determined. 
Work done by membrane forces in the plate are ignored 
in the formulation. This is likely to underestimate the 
243 
strength of stocky sections which are largely controlled 
by in-plane action. The method also ignores the fact that 
the stiffener is bound to twist, to a certain extent, in 
sympathy with the mechanism and that elastic bending 
energy must also be included. 
4.2.2 Comparison with finite element analyses 
Since Murray's approach is used in the next section 
to develop a mechanism for the response of a ring 
stiffened shell under external pressure, it was necessary 
to correlate the existing mechanism with the results of 
chapter two. 
In general, reasonably good correlation has been 
obtained with the finite element results considering the 
simple nature of the mechanism. 
For the stocky plate( b/tp=20), as the stiffener 
slenderness increases, the correlation improves. Figures 
4.8 to 4.10 show the load against the vertical midspan 
deflection of the stiffener for three different web 
slendernesses and a number of different tripping angles, 
B. The results obtained from both finite element meshes 
are also shown. It was observed that the lowest unloading 
curve was obtained for a tripping angle of 45. This 
confirms findings of Murray[4.1]. 
Figure 4.8 shows the response for a stiffener 
slenderness (d,, /tu, =10) . The results show that the mechanism 
underestimates the strength of the panel possibly due to 
the assumption mentioned previously that in-plane plate 
action is ignored. The stiffener buckled such that B was 
approximately 40 degrees. Although this curve is not 
shown, it is practically identical to the 45 degree curve. 
In this case, refining the finite element mesh did not 
make any significant difference to the result due to the 
stable nature of the stocky panel. 
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For a web slenderness( &/t47) of 15 and 20, better 
correlation is obtained with the finer mesh. A more marked 
change occurred between the two meshes because of the fact 
that the coarser mesh could not model adequately the 
stiffener tripping. A sharper mode, with a smaller 
buckling wavelength was obtained with the finer mesh. For 
both of these cases the tripping angle was roughly 50 
degrees. 
Increasing the panel slenderness(b/tp) to 60 again 
gave good correlation, despite the fact that plate 
buckling effects, which the mechanism does not account 
for, are likely to increase. This is shown in figure 4.12, 
again indicating an improvement in the correlation with 
mesh refinement. 
Figures 4.13 and 4.14 show the results obtained for 
a panel slenderness (b/tp) of 90 and a web slenderness of 10 
and 20 respectively. For the 10 case, no tripping was 
obtained. The failure was purely a column mode, due to the 
high column slenderness of the panel. Despite this, 
excellent correlation has been obtained. The unloading 
curves shown, suggest that variation in the tripping angle 
becomes less significant for a high column slenderness due 
to the fact that the unloading curves are closer together. 
For the higher stiffener slenderness, good 
correlation has again been obtained. 
4.3 TRIPPING OF FLAT-BAR RING FRAMES 
It has already been mentioned that the nonlinear 
analysis of ring frame tripping has not received a great 
deal of attention in the past. 
Tsang[4.4] observed this type of failure in some 
tests carried out on ring-stiffened shells under external 
pressure in a study investigating general collapse of the 
shell. It was reported that tripping had a weakening 
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effect on this type of failure mode. The high degree of 
plasticity observed with a tripping failure suggested the 
possibility of formulating a rigid plastic mechanism to 
describe the unloading behaviour. Other tests carried out 
in the U"S. A [2. ] included premature failures where 
stiffener tripping was believed to have been a major 
effect. 
Given the good correlation of Murrays mechanism with 
the finite element analyses, it was decided to use this 
tripping mechanism to formulate a method for predicting 
the unloading characteristics of a flat-bar ring stiffened 
shell subject to external pressure. This has been 
developed in two stages. The first trial is a very simple 
model which ignores any radial displacements. This is not 
altogether an unrealistic assumption as in some of the 
finite element analyses presented in chapter three where 
stiffener torsional behaviour dominated the response, the 
shell displacements were significantly smaller than those 
of the stiffener. This was more apparent for stocky 
shells. 
The second model that has been developed is slightly 
more complex as it accounts for the radial response of the 
stiffener but still ignores any shell buckling effects. It 
is assumed that the shell buckles into two half waves 
around its entire circumference and that tripping occurs 
at two points around the shell in a symmetrical fashion. 
Due to this symmetry, only half of the shell is 
considered. The simple model has been presented separately 
because it provides indications of the importance of 
certain parameters. 
4.3.1 Formulation of simple ring model 
In order to formulate this simple model some 
assumptions need to be made. It has already been mentioned 
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that radial displacements are ignored. This implies that 
6, in equation 4.25 is zero. Only the stiffener response at 
the tripping locations are considered and shell buckling 
effects are ignored. 
Figure 4.15 shows the model idealisation. Using 
vertical equilibrium : 
2NT = P132R 
where 18 is the ring spacing. 
This NT (4.26) gives: p=1.9R 
The external pressure P is evaluated by assuming a 
value for the lateral stiffener displacement A as before 
and going through the same process to determine NT. The 
only difference is that equation 4.19a becomes redundant. 
As before a number of curves can be obtained by varying 
the tripping angle B. 
4.3.2 Correlation with finite element analyses 
Figures 4.16 to 4.24 show the results obtained for a 
ring spacing (ls/R) of 0.10 together with two unloading 
curves obtained from equation 4.26 using different values 
of the tripping angle S. In all cases but one, two values 
of B have been plotted, one representing the actual 
tripping angle observed in the finite element model and 
the other representing the 45 degree line. Although in the 
plate model it was observed that the 45 degree line gave 
the minimum load, equation 4.26 does not give the same 
result. The minimum load appears to occur for a value - r', 
in the region of ten degrees. 
In all of the cases shown, the simple ring model 
appears to underestimate the stiffener response, giving a 
slightly more rapid unloading curve. This is not 
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unexpected as the neglect of any radial movement is likely 
to restrain the stiffener deflections. 
Figure 4.19 shows an unloading curve for a tripping 
angle of 10 degrees, together with the curves for the 
actual tripping angle, (in this case 24 degrees) and the 45 
degree line. Very little difference in response occurs 
between the curve for the actual tripping angle and the 
ten degree curve, indicating that the mechanism may be 
insensitive to ß below an angle of about 25 degrees. 
It can be seen that the correlation is slightly 
better for the stocky stiffener cases than the more 
slender webs. 
4.3.3 Formulation of more complex ring model 
Although the simple model given in the previous 
section has shown reasonably good correlation with the 
finite element analyses, it was felt that the solution 
could be improved by incorporating the radial displacement 
of the stiffener in the model. 
One of the problems, however, which complicates the 
solution is the fact that the model is not a true 
mechanism as only two locations occur in the ring where 
rotation is allowed. This implies that the determination 
of the displacements cannot be evaluated by a simple 
geometry change as is normal with most mechanisms based on 
rigid plastic theory. In the derivation of the equations 
the inclusion of elastic strains has therefore been 
necessary. Shell buckling effects have been ignored and 
the radial displacement obtained is effectively a radial 
stiffener bending displacement. 
A brief explanation of the method is given initially, 
followed by a more detailed description giving the 
governing equations. 
The method adopted is basically an iterative 
technique, in which the radial displacement and the angle 
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of rotation of the trip are assumed initially in order to 
begin the iteration. The external pressure is held 
constant throughout the increment while the iteration 
proceeds to find the displacement. 
In order to determine the displaced shape of the 
cylinder under the given load, the moment is established 
at different points around the circumference, together 
with the axial load. The load and moment are expressed in 
terms of changes in these quantities because initially it 
is assumed that the section has fully yielded in 
compression. This assumption produces a corresponding 
initial load and moment the latter of which must be 
eliminated. It should be noted that the moments are taken 
about the toe of the web in order to maintain consistency 
with Murray's mechanism presented in section 4.2.1. 
Depending on the sign and magnitude of the moment and hoop 
force, a possible stress state can be established from 
which the curvature can be determined. Depending on the 
magnitude of the strain, the stress change can be elastic 
or elasto-plastic. 
Once the curvature is established the new shape of 
the displaced shell can be determined and new values for 
the radial displacement and the angle of rotation of the 
hinge can be determined. The process is repeated until 
convergence is achieved. 
A more detailed explanation is given below. 
The first step in the process is to split the ring 
into a number of segments NB and assume initial values of 
the change in pressure dPk, the initial radial displacement 
dRj and the angle of rotation of the trip aj. A value of 
B, the tripping angle is assumed. 
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From equation 4.19, can be determined, 
aý2 dwtanß 
substituting A into equation 4.8 the load on the web can 
be determined. 
From the external pressure( expressed as a change) 
the total change in hoop force acting at the tripping 
location is found, 
dNh = dPR1 s 
(4-27) 
where dN,, =dNTNS at the trip location. 
The depth of the tensile yield zone is then 
determined from equation 4.22. During the solution 
procedure, dt can become negative at high external 
pressures due to the large hoop compression. This is 
corrected by reducing the initial value of the rotation of 
the trip and the initial radial displacement until dt 
becomes positive. The tripping moment is then evaluated 
from : 
MT' =Me+Mp-Np 
i2s 
(4.28) 
Considering moment equilibrium at any section i 
(figure 4.25) where i=0 to Ns: 
Mi = MTI+M2 (4.29) 
where M2 =N xi- 2 
dP1s [ (xT-xr 
,) 
(moment due to external pressure loading) 
During the first iteration, a simple assumption is 
made about the variation of the shell coordinates in order 
to determine the moment and to start the iterative 
process. The shell is assumed to adopt a single cosine 
wave, with the circumferential mid-point being lower by wo 
and the radial points displaced outwards by wo as indicated 
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in figure 4.25. Between these two points a uniform 
variation is assumed. 
The next stage is to determine the hoop force around 
the circumference, dNTI. 
dNTi=component from reaction at tripping location + 
component from external pressure. 
Considering point A in figure 4.25. 
NTj = dN sin9+dpbR 1-sin (cos e -sin! ) (4.30) B2 
Once the load and moment are established at each 
section a stress distribution is obtained which is 
compatible with the loading. This is dependent on the sign 
of the moment and the level of the hoop force. From the 
assumed stress state, two equations are obtained, load and 
moment, which are solved in terms of the strain and the 
position of the neutral axis. The various stress states 
possible are given in appendix 4.2, together with the 
solution procedures. 
Unfortunately some of the expressions are cubics 
which require an iterative process. Some care is needed in 
the extraction of the correct root. This is discussed 
further in the appendix. 
Once the position of the neutral axis is established, 
the curvature of the section at each point around the 
circumference is then found from: 
xi = 
Ei (4.31) 
yi 
where Ei is the strain and yi is the distance from the 
neutral axis to the strain. The strain is normally taken 
as the outer fibre value or if the stress state is elasto- 
plastic, it is measured to the position at which the 
stress becomes plastic. 
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The radius of curvature at each section is found 
from: 
Rci =1 (4.32) 
xi 
Considering a segment of the shell shown in figure 
4.26 where 0 is the origin and C is a point at which it is 
assumed that two consecutive radii intersect( this is an 
assumption which is valid if the segment is small). It 
should be noted that the point C does not remain 
stationery but will move depending on the value of the 
radius of curvatures. Considering the figure, a point i+l 
on the shell can be determined from the expressions : 
XTi+1 = XTi+Xi+1-Xi (4.33) 
YTi±1 = YTi+Yi-Yi+l (4.34) 
Xi+l and Yi+l can be determined from the figure as 
follows: 
tan (y 4r) = 
Y1 
X1 
where y1 = 
S 
S= 
RN 
and Tan (l(Jý =ýý, -. 2 Ns A Rci +Rci+1 
2 
From standard formulae: 
tan (y'+*) - 
tang'+tanilr 
1- tanY tan'Ir 
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This gives : 
tany+ 
yi+l 
Xi+l y1 
1-tan 
yi+l Xi 
Xi 
+l 
Simplifying gives: 
_ 
Y2+1 [Xi+Yitanyýl 
Xl+l 
1 Y1-Xitany 
(4.35) 
Also from the figure, 
yý+l +X1+1 
Rc1 +Rci+l 2 
2 
(4.36) 
Substituting into (4.35) gives 
Rci +Rci 
+l 
Yý+i =2 (4.37 
1+ 
(Xi+Yitany) 2 
(Y1-Xitana) 2 
where Xi and Yi are determined from : 
Xi = C.; cos (y'+*) (4.38) 
and Yi =1; sin(y1+i) (4.39) 
Since Yi+l is known, Xi,,. can be determined from 
equation 4.36. In order to begin the process, X. and Y. are 
set to zero. Yi+l is then determined from 4.37. The first 
value of Xi+l is determined from equation 4.38 and the 
remaining values from equation 4.36. The X and Y 
coordinates can then be established from equations 4.33 
and 4.44. Once the new shape is established, trip 
rotation, dRi+l and aj+i can be evaluated. These values are 
then compared with the original values. If the difference 
is greater than the specified convergence limits, then the 
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increment is repeated. The entire process is summarised in 
figure 4.27, which shows a flowchart detailing the 
procedure. 
4.3.4 Determination of theoretical elastic loading lines 
It has already been mentioned that an upper bound 
estimate to the collapse load can be obtained by 
determining the point of intersection of a plastic 
unloading curve with an elastic loading line. 
Two simple elastic loading curves have been derived 
in this section, one for the radial response of the shell 
at the stiffener location and one for the lateral of the 
top of the stiffener outstand displacement. The radial 
response has been produced primarily for correlation of 
the elastic portion of the finite element curve. To 
simplify the analysis, geometric non-linear effects have 
been neglected. 
The model used to predict the radial response is 
shown in figure 4.28. The shell is simplified into a two 
dimensional analysis with one end of the shell built in 
and the other with a support on rollers but with the end 
restrained from rotation. The structure is therefore two 
degrees indeterminate. An initial radial deflection has 
also been built into the analysis. The flexibility method 
has been adopted to analyse the displacement. This is 
given in more detail in appendix 4.3. For the lateral 
displacement of the stiffener tip a simple load deflection 
multiplier has been applied to the stiffener taken as an 
imperfect strut. 
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For a strut with an initial imperfection, it can be 
shown that the axial load amplifies the displacement by: 
1 (4.40) 
1-( Nl 
N, 
z 1 
where Ncr is the critical load, and N is the axial load in 
the stiffener. For an initial imperfection wo, the 
displacement of the strut is given by: 
Wo 
(4.41) 
1_ N 
Ncz 
In order to simplify the analysis, it can be assumed 
that the ring stiffener is a flat plate simply supported 
on three sides and free on one longitudinal edge. The 
other longitudinal edge can be considered as either fixed 
or hinged, representing two extremes of the boundary 
restraint of the ring welded to the shell. For a fixed 
boundary the critical stress is given by: 
Q_1.247 712E 
tw 2 (4.42) 
ýr 12 (1-v2) d w 
and for a hinged boundary: 
= 
0.43312E tw 2 
Q (4.43) cr 12 (1-v2) dw 
An elastic loading line for the two boundary 
conditions can therefore be constructed from equation 
4.41,4.42 and 4.43. 
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4.3.5 Correlation with finite element analyses 
The results obtained in chapter three for the flat- 
bar ring stiffeners, have been compared with predictions 
of the loading curves and the mechanism unloading curves 
established in the previous sections. 
Figures 4.29 to 4.33 show the correlation between the 
finite element results and the theoretical loading and 
unloading curves for the radial response of the shell at 
the stiffener line for stiffener slendernesses of 
10,15,20,25 and 30. In these figures the shell slenderness 
was 100 and the ring spacing 0.10. It can be seen that the 
elastic loading line is in excellent agreement with the 
finite element analyses. Due to the stocky nature of the 
shell, geometric nonlinearities are likely to be limited 
in the elastic loading portion which has probably 
contributed to the excellent agreement. The buckling of 
the shell is also relatively insignificant for this 
geometrical range. 
For a web slenderness of 10, the plastic unloading 
curve does not show good agreement with the finite element 
curve. This is probably due to the fact that the failure 
was due to general buckling of the shell. The stiffener 
tripping which occurred was a secondary action. Since the 
mechanism does not allow for this mode of failure, it is 
unlikely to achieve excellent correlation with the 
mechanism where a high degree of overall buckling 
interacts with the behaviour. For the remaining web 
slendernesses, reasonably good correlation has been 
achieved, considering the simple nature of the 
formulation. It should be noted that the radial stiffener 
response appears to be insensitive to the tripping angle. 
This is indicated in figure 4.30. 
The more important comparison for the mechanism 
approach, however, is the lateral stiffener response which 
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is shown in figures 4.34 to 4.38. It can be seen that 
excellent correlation has been achieved with the unloading 
curves. Again, the actual tripping angle deduced from the 
finite element results has been used to obtain a 
prediction curve as well as the 45 degree line. The 45 
degree line is always reasonably conservative, indicating 
that this may be used to provide a reasonable estimate of 
behaviour. 
Two elastic loading lines have been plotted for the 
stiffener, one representing a clamped boundary and the 
other hinged. The clamped boundary clearly gives excellent 
correlation with the elastic loading line, while the 
hinged line gives large deviations from the finite element 
curve for stiffener slendernesses of 20,25 and 30. This 
suggest that the actual boundary condition which exists 
between the shell and ring stiffener is close to fully 
clamped as was noted previously by Kendrick[4.6]. 
Increasing the shell slenderness to 200 again gives 
reasonable correlation with the radial shell response, 
given that shell buckling effects are likely to be more 
significant. This is shown in figures 4.39 to 4.43. 
Unfortunately for this slenderness the 45 degree line does 
not always give a lower bound to the finite element 
results. 
For a web slenderness of 10,15 and 20, the radial 
movement is outwards prior to the peak load at the 
location considered and the elastic loading line does not 
provide a direct comparison. For the 25 and 30 case, 
excellent correlation was obtained, indicating that the 
increase in geometric nonlinearity that is likely to occur 
did not have a large influence on the loading part of the 
curve up to the region of the peak load. 
The lateral stiffener response again gave excellent 
correlation with the plastic unloading curve for the 
majority of cases. These are shown in figures 4.44 to 
4.47. The slenderness of 15 gave a poor correlation 
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because there was a high degree of shell buckling. The 10 
case has not been shown due to the fact that little 
stiffener movement occurred with the failure completely 
dominated by shell action. 
The predicted elastic loading line again correlated 
well. A more marked degree of deviation occurs than with 
the 100 case nearer the region of the peak load due to the 
increase in the geometric nonlinearity that occurs with 
the more slender shell. 
Increasing the ring Spacing( 18/R) to 0.20 with the 
shell slenderness at 100, again gives excellent 
correlation with the lateral stiffener response for both 
the elastic loading line with a clamped boundary and the 
plastic unloading line. This is shown in figures 4.48 to 
4.52. 
Figures 4.53 to 4.57 show the radial response of the 
stiffener. For the elastic loading line, the correlation 
is very good in cases where the shell has not altered its 
displacement pattern. 
The plastic unloading curves gives a mixed result. 
For a web slenderness of 10, where a high degree of 
overall buckling is thought to have occurred, the 
correlation was poor. Increasing the stiffener web 
slenderness reduced the buckling in the shell, and more 
acceptable correlation was achieved. 
Prediction of peak load from the combination of the 
elastic loading line for the stiffener response combined 
with the mechanism unloading curve compared with the 
finite element predictions are summarised in figures 4.58 
to 4.59 for a ring spacing of 0.10 and a shell slenderness 
of 100 and 200. From figure 4.58, which shows the 
prediction based on a clamped boundary, good correlation 
has been obtained with the stocky shell. 
For the more slender shell, the correlation is not as 
good. This is not unexpected as any shell effects have 
been ignored in both approximate analyses. This 
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effectively means that for the simple approaches shell 
buckling will have no effect on the tripping load. The 
upper bound nature of the mechanisms compared with the 
finite element results is therefore not unexpected but 
the overall trend in response is still apparent. 
Figure 4.59 shows the same results but with the 
prediction based on a hinged boundary at the stiffener 
shell junction. Beyond a stiffener web slenderness of 
about 20, the mechanism grossly underestimates the peak 
load of the structure, indicating that the true condition 
is likely to be closer to the fully clamped condition. 
The results therefore generally show that the 
mechanism approach in combination with an approximate 
loading line predict quite accurately the response of the 
structure where shell buckling is insignificant. This 
approach can therefore readily be combined with a 
prediction of the shell collapse stress to provide an 
indication of the failure mode. 
4.3.6 Brief parameter study 
4.3.6.1 Effect of web slenderness 
The effect of the web slenderness on the behaviour of 
flat-bar rings has already been discussed in chapter 
three. Unloading curves from the mechanism are shown in 
figure 4.60 to 4.67 for both the lateral and radial 
stiffener response for web slendernesses of 10,15,20,25 
and 30 and shell slendernesses of 100,200,300 and 500. In 
all cases, the rate of unloading increases as the web 
slenderness increases, showing a similar trend to the 
finite element results. 
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For shell slendernesses of 300 and 500 it was found 
that most of the solutions could only be obtained up to 
about 50% of the yield pressure. Beyond this point the 
curves began to go back on themselves, indicating that the 
stiffened shell may have wanted to deflect radially in a 
different mode. 
For the lateral stiffener response, the curves appear 
to indicate that the rate of unloading becomes almost 
independent of the web slendernesses beyond a d,, /t. of 20, 
particularly for a shell slenderness of 500. 
4.3.6.2 Effect of initial radial shell displacement 
The elastic loading line established to correlate the 
radial stiffener displacement in section 4.3.5 is used in 
this section to investigate its sensitivity to the value 
of the initial shell displacement. 
Figures 4.68 and 4.69 show the radial stiffener 
displacement for a web slenderness of 20 and a shell 
slenderness of 100 and 500 respectively. The elastic 
loading line for four initial imperfections, based on a 
multiple of the DnV tolerance is also shown. It can be 
seen that the more slender shell shows a much greater 
change in slope as the imperfection is increased, 
indicating that the slender shell may be more sensitive to 
initial imperfections. This is not unexpected as slender 
shells are more liable to buckle elastically, in which 
case the initial imperfection will be more critical. 
For a more stocky web( dG, /tw 10) a similar trend 
occurs. This is shown in figures 4.70 and 4.71. For the 
slender shell, the response of the elastic loading line 
is 
more pronounced, possibly because of the lower bending 
stiffness provided by the stockier stiffener. 
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4.4 CONCLUSIONS 
This chapter has shown that the use of a far simpler 
model to the finite element method can provide some of the 
informatiom required in a design study. The excellent 
correlation achieved with the existing Murray mechanism 
and the more complex ring model has shown that it is 
possible to use the theory as part of a parameter study in 
situations where a significant degree of plasticity occurs 
in the structure before failure. 
The correlation achieved with the elastic loading 
line again was very good, even for a ring spacing of 0.20. 
However, the prediction of the peak load was a bit 
disappointing for a shell slenderness of 200. This was 
primarily due to the fact that shell buckling effects are 
ignored in the elastic loading line for the lateral 
stiffener response. For a shell slenderness of 100 the 
correlation obtained was acceptable, due to the more 
stable nature of the shell and may be adopted as part of 
a parameter study. 
The use of two boundary conditions representing two 
extremes for the line of attachment to the shell of the 
stiffener showed that the actual boundary may be closer to 
the fully clamped case, indicating that there may be some 
conservatism in current offshore codes which assume that 
the stiffener is hinged. 
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APPENDIX 4.1 
EVALUATION OF TOTAL STIFFENER LOAD 
The total load is given by: 
NW = vytW 
fd492A2 
+1 - 
2gi 
d 22 g 
dw2k 
tw 
dwkl t;,, 
Part 2 is a straight forward integration: 
fd -2 gA dg 
dd 
dit,,, ki tW 
Part 1 requires the use of a standard integral: 
f222 
( Z2 +A ) dZ =2 Sinh -1( 
Ä+A 
2Z(Z2 
A) ]ýc 
1) 
where Sinh -1 
Z= In Z+ (Z2 +A 
2 (A) 
A 
Rearranging part 1 into the standard form gives: 
2221 
2A dwK1 -w +g2 
2 
ds, ýCl tw 402 
Substituting the relevant terms into the standard form 
gives: 
22 
rd" 492A2 +1 dg = ln 2i + 40 +1 + 
20 1+ 20 
222KitwKt2Kltw Kl tw dwK1 tw 1 
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Collecting all the terms gives : 
Nw = 
Qytwdw 
{2 
2A 
+ 
Kltw 
In 2A 
2+1 
+ 
2A 
_ 
2A 
2 Kltw 2A Kitw KtKt 1w1w 
When A tends to zero, the expressions appears as though it 
tends to infinity. 
Using L' Hopitals rule: 
Lim f (x) 
_ x-º 0 
(g 
(x) 
Lim f1 (x) 
x-0 g'(x) 
Considering terms 1 and 3 first: 
1 
Lim fuytwdw 2A 2+12_ 2A Qytwdw A-0 2 (K1t) 
w K1 tw. 2 
Considering term 2: 
1 
Lim 
_ 
ayt, 
___ 
K3. tW 
In 2O 
2+1 2+ 2D 
00 A-0 22 Kl t,,, Kl t,,, ý. 
( 
d1 2i 
2+1 8A 
+2 
Lim d0 
t erm2) a 
_v 
d K, t2KtKtKt yww1w1w1w1w 
0-i0 d ý0) 222 
dA 2A 
+1 
2+ 20 
. 
(( 
Kitty K1tw 
Term 2 also gives : 
atwdw for 0=0 
2 
Therefore the expression tends to the yield load as A 
tends to zero. 
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APPENDIX 4.2 
DETERMINATION OF CURVATURE FROM STRESS STATE AT 
DIFFERENT LOCATIONS AROUND SHELL 
The various stress states possible are given below, 
together with a brief explanation of the solution 
procedure. The sign convention adopted throughout is that 
sagging moments are positive. 
CASE 1: Section under hogging moment with total change 
in stress remaining elastic. 
1 
ON 00 
t, S 
d 
w 
t1 i1t 
3 
c2 
Initial 
yield Applied 
strain strain 
Q 
Y 
Total 
stress 
m 
yl 
Chance in 
stress 
Throughout the calculations, change in load and 
moment have been used in order to allow for 
the initial 
yield condition present in the model. 
For load equilibrium: 
do =2 (v1+a3)lsts +2 Q3tý, (1'ý-ts) 
(4.2a) 
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t w 
where 03 = e3E 
and E3 = 
e1(y1- t5) 
Y1 
Therefore from 4.2a 
E1 2 dny1 (4.2b) E(1Sts (2y1-ts) + tw(yl-ts) 2) 
For moment equilibrium: 
2 
dm =-2 (Q1-a3) lsts 
2 is 
- 
a3lsts 2+1 
Q3 tw 
(Yl-ts) 
(4.2c) 3223 
Substituting 4.2b into 4.2c gives: 
32 
-dm[ tw(yl-ts)2+ 1sts(2y1-ts)] _ -2dn 
1Sts 
- 
2dnlsts 
(yl 
- ts) 
32 
+6 tw(y1-ts)32dn 
Since the expression is a cubic equation in y1, all 
the terms are taken to one side and equated to a function 
of Y,.: 
f (yl) = Y13 ( 
tW 
2 dn) + dm t ý, xy1 -tw2 
do 3 y1 tS-2 yl t sdm 
tW +2 yl l. 
66 
- dn1sisy1 + 
tw2dn3ylis 
+ dmtWts - dm1sis + dnlsis 6 
- 
21st 
3 
do - 
tW 
2dnt3 (4 . 2d) 36 
The equation is then solved using the Newton-Raphson 
technique. 
This requires the determination of f(yl). 
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f'(yl) = 3y1 ( 
tw2dn) 
+ 2dmtly1 - 2yldntWts - 2dmt t 6SW 
+ 21Stsdm - dnlst2 + dntlt2 (4.2e) 
The Newton Raphson equation gives: 
t' (Y1) 
Y1 = Y1 - f. ý ýY1 i 
This requires an initial value of yl to begin the 
iteration. This must be a value not greater than the 
height of the section. In most cases, the correct root is 
found. However, as with most nonlinear strategies, other 
roots can be extracted which will produce a point on the 
unloading path not compatible with other points. 
Engineering judgement is needed to decide the correct 
path. This is obvious in most cases. The procedure is 
normally to select a different initial value which should 
then eventually pick out the correct path. 
Another problem with the solution technique which has 
been corrected is that on substituting the load and moment 
into the equation, it was found that yl was greater than 
the section. This error was found to be due to a large 
moment created at the tripping location which influences 
the moments around the entire section. This was corrected 
by reducing this value until a value of yl was obtained 
which was within the limits of the section. Since the 
moment is reduced at each section and the equations are 
satisfied for both the moment and load, equilibrium is 
maintained. 
Due to the fact that the moment at the tripping 
location is determined in a different manner to the 
remaining sections, there is effectively a variattan in 
distribution of the stresses. However , from the results 
obtained this does not appear to be significant. 
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CASE 2: Section under hogging moment with change in 
stress becoming elasto-plastic and plastic zone 
in web. 
When the strain E1, obtained in case 1 is greater than 
twice the yield strain, then equations presented below are 
adopted. 
t S 
d 
W 
E 
X 
yl 
tW E2 
10 Initial 
yield Applied Change in 
strain strain stress 
Equilibrium of load and moment gives: 
do = 2aylsts + xt 2cY +2 2vytwyl (4.2f) 
dm =Q Sts _ QytwX2 - Qytwyl 
31 
+x (4.2g) 
Rearranging 4.2f in terms of x and substituting into 
4.2g gives a quadratic in y1: 
dnts a dn2 
0.75vytwyi + 1.50ytwtsyl - dm +2+ ytwts +4 vy tw 
_ 
1S= 
+ 
aylsts 
=0 
aytw tw 
The solution produces two roots, and as 
before it is 
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Eý 2Qv 1 s 
-99 
normally obvious which is the correct solution. 
CASE 3: Section under hogging moment, with change in 
stress becoming elasto-plastic and plastic zone 
in shell. 
t 
d 
w 
It w 
is Ey Eý 
ley 
E3 
20 
y 
x 
-a3 
y1 
e2 
Initial 
yield Applied Change in 
strain strain stress 
Equilibrium of load and moment gives: 
do =2 v3 tw(yl+x- ts) +2 (2vy+Q3) 1s (ts-x) + 2OylgX (4.2h) 
X Q31 s( 
is-X) 2 
and dm = -2 vy1 2+ is-x) -2 
-1 (2 a -a3) 1S (ts -x) 22+1 
ß3 (Y1-9 is-x) 2 tw (4 . 2i) 2323 
Also x= 
2E 1- Yl 
Y 
and 03 = 
2ý" e1- 
is 
Y1 2ey 
The solution procedure adopted is to substitute x and 
Q3 into equations 4.2h and 4.2i and to assume a value of 
E1. As a starting value E1 can be taken as the value 
from 
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the previous case. yl can then be calculated from 4.2h. 
The values are then put into 4.2i and dm-R. H. S. is 
determined. if this is small then the correct value has 
been determined, if not then yl is altered until the 
correct value is obtained. Unfortunately considerable 
numerical effort is required to obtain a solution in a 
region which is quite small on the curve. For this 
reason, in most cases it was found easier to apply a 
slightly greater load to jump over this region. 
CASE 4: Section under sagging moment with total change 
in stress remaining elastic. 
16 
S »1 t S 
Y2 
d 
w 
cl 
Initial 
yield Applied 
strain strain 
Total 
stress 
yl 
Load and moment equilibrium give: 
do =2 Qltlyl (4.2j) 
dm =1 v1t1Y1 
2 
+Y2-ts 
233 
where y2 = hl+ t-yl 
and vl = ElE 
k) (4.2 
a1 
Change in 
stress 
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It w 
From (4.2j) E1 = 
2dn 
Etw', 
Substituting into 4.2k gives 
yl = dw- 
d3 (4.21) 
Again dm needs-to be corrected as explained in case 
1, but in this case dm is increased due to the sign change 
in the moment. 
CASE 5: Section under sagging moment with change in 
stress becoming elasto-plastic. 
t S 
d 
w 
Initial 
yield 
strain 
E1 
Applied 
strain 
Load and moment equilibrium give: 
iE 
do = vytwX +2 ayt` y1 (4 . 2m) 
dm =1 Qyt'i 
2y1 
+dw Yl- + Qyt 
2 +vhl-x) 
23 
where x= 
2E 1 Yl 
Y 
Change in 
stress 
(4.2n) 
yl 
x 
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tW 
Substituting for x into 4.2m and 4.2n : 
Equation 4.2m becomes 
do= 
ay l 
w-yl_l 
_0 ley y 
vl 
4.2n also becomes: 
dm - 
aytwy1dw 
- 
aytw ¬1Y1 
Yi _ 
aSytwyi ¬lyl 
- 
22 2Ey 6+ aytwd 2 Ey 
y1 
Rearranging equation for do in terms of E1 and 
substituting into dm gives a quadratic expression for yl : 
_ 
avtw. 1 + Y1 
Qytwdw 
_ 
do 
+ 
dn2 
=0 622 2Qytw 
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APPENDIX 4.3 
DETERMINATION OF ELASTIC LOADING LINE FOR 
STIFFENER RADIAL RESPONSE 
In order to determine an elastic loading line for the 
radial response of the stiffener, a simple model shown in 
figure 4.28 has been adopted. The shell is acted upon by 
a uniform radial external pressure. It is assumed that the 
shell is built in at one end and free to move laterally at 
the other, although rotation is not allowed. The 
structure is therefore two degrees indeterminate. In the 
analysis which follows, both bending and axial forces are 
considered. An initial imperfection has been assumed to 
vary uniformly around the model from + Wo at the support to 
- Wo at the top of the shell. 
Using the flexibility method, the following two 
equations result, 
01 =0= Ai f11x1+f12x2 cl 
A2=0= D2+f21xl+f22x2 C2 
Where Xl and X2 are the unknown forces, fij are the 
flexibility coefficients and AlL are the displacements of 
the structure at the release locations. 
The flexibility coefficients are given by the 
following expressions: 
M2 2 
11 
fM1 +r 
Ni 
CýX 
EI J EA 
in terms of 6: 
273 
R nNfR f11 f'RM2 
EI 
dI9 + Jo EA c3 
n M2R R N2R f22 f 
EI 
Cie + 
fo 
EA 
( C4 
f12 = fal = 
it M1M2R de + 
ý1 N1N2R de c5 o EI Jo EA 
Lrn M1MLR d+ rn 
N1NLR 
ý c6 fo EI Jo EA 
2= rn M2 MLR de +x 
N2NLR 
A c7 Jo EI Jo EA 
Where M1 = bending moment distribution due to release 
1, X1, on determinate structure 
M2 = bending moment distribution due to release 
2, X2, on determinate structure 
ML = bending moment distribution due to applied 
loads on release structure 
N1 = Axial load distribution due to release 1, 
X1, on determinate structure 
N2 = Axial load distribution due to release 2, 
X2, on determinate structure 
NL = Axial load distribution due to applied 
loads on release structure 
Figure 4.3a shows the release structure with the 
applied external pressure. From this ML and NL are found. 
These are: 
ML =R (1-cos8) (V-PR) 
NL = PR 2 1-cos sine +Vcos6 
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where 
P(2R+Wo) 
V= 
2 
From figure 4.3b Ml and Nl are found to be 
(R+RcosO) M1 =1- (2R+Wo) 
1 
cos6 NJ = (2R+w0) 
and from figure 4.3c, M2 and N2 are given as: 
M2 =1- 
(R-RcosO) 
(2R+Wo) 
Evaluating the 
coefficients gives: 
fl1 = 
I 
cos6 N2 = (2R+Wo) 
integrals for the 
2 
(2R 
7t R 
W) EI 
2 w0R+Wo + 
32 
+ 
0 
f12 = f21 = 
OL 1 
AL 2 
nR 
flexibility 
= f22 
nR 
2EA(2R+W0) 2 
nR 
_2 EI 2R+W 2 
(2R+Wo) 2-2w0R 72 + 
oý 
2EA (2R+Wo) 
2 R VTtR (2R+W°) -PR 2n (2R+W°) _V 
tR + 
PR 3 Ir 
EI 22 
(2R+Wo) 
2 j[VTtR(2R+Wo) 
-PR2n (2R+W°) 
3 V7rR 
+PR3 
I22 
(2R+Wo ) 
solving C1 and C2 simultaneously, the unknowns X1 and X2 
are found. Since considerable computation is involved, 
this has been input into a small computer program and have 
275 
been evaluated for a number of cases using different 
initial imperfections 
Using X1 and X2, the total load and bending moment for 
different values of external pressure is then found from: 
NT = N1X1+NZX2+NL 
MT = M1X1 +M2X2 +ML 
The total displacement of the shell at B, is given 
by: 
b= f II 
MTMBR 
de +r 
II NTNBR 
Bo EI 
Jo EA 
Where M. and N. are the moment and axial load distribution 
due to a unit load applied in the direction of the 
displacement and at the point at which the displacement is 
required on the released structure without the external 
loading. This is shown in figure 4.3d M. and N. are then 
given as: 
MB = 1Rsin9 
NB=isinO 
This gives: 
ö= 2R3 (V-PR) + 
R2X1 (2R+2W0) + 
R2X2 (2R+2 Wo) 
B EI EI (2R+Wo) EI (2R+WO) 
bending component 
n- 
X1R 
12 EA 
7 . 657 PR2 
2 + 
XR 
2 (2R+W0) 2 (2R+Wo) + 
axial component 
In the perfect state (Wo = 0) the bending component 
is zero 
and the deflections are purely due to the axial component. 
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As the initial imperfection is increased, the bending term 
has a greater effect on the response by reducing the slope 
of the loading curve as shown in section 4.3.6.2. 
Although this effect is purely due to the geometry change 
as the initial imperfection is increased, it does 
represent, to a certain degree, the true behaviour. 
Figure 4.3a 
AB X1 =1 
1/(2R+vjo) 1/(22; w0 
Figure 4.3b 
X2=1 
Figure 4.3c 
B 
t load 
Figure 4.3d 
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Figure 4.8 Correlation of Murray mechanism with finite element analyses 
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Figure 4.10 Correlation of Murray mechanism with finite element analyses 
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CHAPTER FIVE 
CONSIDERATION OF DESIGN GUIDANCE 
5.1 INTRODUCTION 
In the design of stiffened plate and shell 
components, the outstands are normally sized such that 
torsional or tripping failure is avoided. Stiffener size 
plays a significant role in such members in ensuring that 
a particular buckling mode is avoided and that interaction 
of modes does not occur which may in some cases 
significantly weaken the structure. 
Previous authors have noted that the avoidance or 
lack of understanding of tripping has led to the adoption 
of stocky stiffener geometries and that savings in design 
could be achieved if a more rational approach to this 
behaviour was available. With respect to offshore 
structures, the adoption of the new generation of floating 
platforms will inevitably lead to the use of more slender 
components. In such cases the buckling behaviour of the 
structure will need to be looked at more closely and the 
behaviour and design of the outstands will require a more 
thorough understanding. 
In the present chapter, existing design rules related 
to offshore structures have been reviewed, indicating the 
requirements given to avoid torsional or tripping 
behaviour and comments are made with regard to the results 
given in the previous chapters. 
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5.2 STIFFENED PANELS 
5.2.1 Comparison with BS5400 requirements 
5.2.1.1 Flat bar stiffeners 
For flat bar stiffeners, BS5400 places a limit on the 
outstand slenderness of 
dw ay 
10 
tw4 355 
For a yield stress of 250 N/mm2 adopted in the main finite 
element analyses, this restricts the web slenderness to 
12. The equation is based on the assumption that the 
critical torsional buckling stress of the stiffener is 
2.25 times greater than the yield stress. However, the 
outstand slenderness may be increased for a stocky panel 
where 
b aY 31 
tp 355) 
This gives a limit on the plate slenderness of 37 for the 
yield stress adopted. 
The reason for allowing a more slender stiffener for 
a stocky panel is the fact that considerable support is 
likely to be provided by the plate to the stiffener. The 
expression is again based on the assumption that the plate 
buckling stress is 2.25 times the yield stress. Using the 
appropriate graph in BS5400( figure 2 of the code), this 
gives an allowable web slenderness of 16.70 for the simple 
geometry satisfying the above b/tp limit. 
Looking at the finite element results obtained in 
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chapter two, table 2.4, it can be seen that for the 
infinitely stiffened panel the full yield load is not 
achieved even for the stockiest stiffener. Also, the post- 
peak response, even for the stockiest plate and stiffener 
case, showed considerable instability in the unloading 
path. Although the finite element analysis has shown that 
the squash load has not been achieved for the stockiest 
case, i. e (b/tp=20 , dw/t47=10) , tests have shown that they can 
sustain the full load capacity. The reason for this not 
being the case could be due to column action although the 
column slenderness(lp/R9) for this case was only 27.53. 
Comparison with the individual stiffener model shows that 
the strength increase which occurs for the latter at low 
slenderness is not reproduced in the full plate model 
supporting the comment about the influence of column 
deflections. 
The results from panels taken as simply supported on 
all sides as opposed to the infinitely stiffened model, 
show a significant increases in peak load indicating a 
column deflection effect. However, the full load capacity 
is still not achieved even for the stockiest case. Table 
5.1 shows the strength figures in terms of the squash load 
for the stiffener with the stocky plate. The results, 
however, show no significant strength reduction with 
increasing stiffener slenderness for the stockiest plate 
although there are reductions for the more slender plates. 
This tends to support the limits in the bridge code 
including an enhanced allowance for stocky plates. 
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5.2.1.2 Tee bar stiffeners 
As with the flat bars, BS5400 places limits on the 
slenderness of the web and flange. For the flange the 
limit is given by: 
bf ay does not exceed 10 tf 355 
This limits the flange slenderness to 11.92 for 
QY = 250 N/mm2. 
The requirements on the web are slightly more 
involved. Two requirements need to be satisfied : 
dw 
G+ 
Ga 
tW 355 
dw °ys 
tw 355 
does not exceed 41 
does not exceed 7 
(1) 
(2a) 
or a higher value obtained from figure 5.1 if : 
1P aYS is less than 25, 
bs 355 
or from figure 5.2 if : 
b Qys is less than 32 
tp 355 
(2b) 
and d,, /b,, does not exceed 4. 
The first web limit allows a higher web slenderness 
to be adopted if as is less than the yield stress with a 
basic limit of 34.50 applying to du, /tw for a fully stressed 
web with a yield stress of 250 N/mm2. Considering the 
example used in chapter four where flat plate results were 
compared 
gives a 
with ring stiffeners. condition 2a for the web 
value of 17.50 for the span and flange width 
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considered. 
Requirement 2b allows higher web slendernesses to be 
adopted and are summarised in table 5.2. The highest web 
slenderness allowed is 36.34 for the yield stress 
considered. It is not clear in the code whether the lower 
of conditions 2a and 2b should be taken when both 
conditions are applicable. Looking again at condition 1, 
from the ultimate loads obtained in the finite element 
analysis shown in table 5.2, the most slender web case 
gave 94% of the yield load, giving a web slenderness of 35 
from the first requirement. Referring back to the relevant 
curve in figure 3.83, there is no evidence of any 
torsional instability affecting the behaviour up to the 
web slenderness of 30 considered. This suggests the 
requirements of 1 and 2b but casts severe doubt about the 
very conservative limit within requirement 2a. There must 
therefore be doubt about whether the limit stated actually 
is applied. 
5.2.2 Comparison with DnV classification notes 
5.2.2.1 Flat bar stiffeners 
As with BS5400, a limit on the slenderness of the 
outstand is given. The requirement is given by: 
dw_< 
0.40 
E 
tW Qy 
This is based on the fact that the critical 
tripping 
stress is 2.5 times the yield stress, being slightly 
more 
conservative than the bridge code. For a yield stress 
of 
250 N/mm2, this gives a maximum web slenderness of 
11.45. 
The notes do not allow a more slender stiffener 
to be used 
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for a stocky panel. There seems no justification within 
the results produced to be more restrictive than the 
bridge code with regard to flat outstand slenderness. 
5.2.2.2 Tee bar stiffeners 
For 
slenderm 
given in 
For 
Firstly, 
below 
tee bar stiffeners, 
ass is the same as that 
section 5.2.2.1, i. e an 
the web, a number of 
if the web slenderness 
requirement on flange 
for flat bar stiffeners 
Laximum value of 11.45. 
options are available. 
satisfies the equation 
dW 
(3.35- 2 1+*r ) where tW Qy 
then yield stress can be reached in the stiffener. T is 
the ratio of the stress at two extremes of web being equal 
to 1 for the case which corresponds to pure axial 
compression. To satisfy this limit a web slenderness of 
38.66 for a, =250N/mm2 should not be exceeded. This is 
slightly more relaxed than BS5400 but the results obtained 
do not suggest any problems. For higher slenderness values 
a plate buckling analysis is used to provide stress 
limits. 
The notes also allow the use of tripping brackets 
which are quite commonly used in ships. The requirement 
states that torsional buckling need not be considered if 
tripping brackets are provided so that the laterally 
unsupported length does not exceed a value given by 
b5C 3a (Af+A,,, ) 
where C=0.55 for symmetrical flanges. 
For the case examined, this gives a very high value of 
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7.68 metres. As the panel length was 8 metres in this case 
this requirement has no practical relevance but it seems 
unlikely that brackets spaced as widely as this will have 
major benefits especially for stocky geometries where 
tripping may occur in a relatively short wavelength 
buckling mode. 
It is quite common for spacing of brackets to be 
specified as a multiple of the total flange width. Clearly 
if brackets are placed at buckling antinodes they will 
have little effect in preventing tripping. An additional 
consideration is that the hard spots created by the 
brackets may initiate fatigue cracking. There therefore 
seems doubt about the continued use of such a system. 
5.2.3 Comparison with DnV design rules (1977) 
5.2.3.1 Flat bars 
The requirement is the same as that given in the 
classification notes in section 5.2.2.1. 
5.2.3.2 Tee bars 
For tee bar stiffeners, two conditions are given. 
Firstly the torsional critical buckling stress must 
be 
greater than 2.5 times the yield stress where 
the former 
is given by 
GIr 
+ lr2Ehs 
Iz 
a Ip0 (Ipols) 
where 1g is the transverse stiffener spacing. 
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Secondly the web slenderness is limited to 
1.4 E 
ay 
This web slenderness limit corresponds to a value of 40 
for the cases examined. Table 5.3 summarises the critical 
stresses of the tee sections examined. It can be seen that 
the stress requirement is satisfied for all the cases 
examined. 
The lowest stress ratio is 2.80 compared with 2.50 
required for a dG, /tW=25 with a slightly higher value for a 
slenderness of 30. The code limit of around 40 seems 
plausible in the context of the results obtained. 
5.3 RING STIFFENED SHELLS 
5.3.1 Comparison with DnV rules 
5.3.1.1 Tee bar stiffeners 
The use of flat bar rings is in practice precluded 
in 
the rules because of a requirement 
for the transverse 
inertia of the stiffener and for this reason no 
discussion 
is given here. 
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For the tee bar rings, three conditions need to be 
satisfied. These are 
(1} 
EIZ 
yoy 
AORz 
(2) 
dw 
20 
tw 
(3) 
bf 
tf 
Tables 5.4 to 5.6. $fmarise the results for the cases 
examined, together with the value of expression (1) of the 
tee bar requirements. Examination of the penultimate 
column in the tables shows that few geometries satisfy 
requirement 1, except for the higher flange and web 
slendernesses. For most of the cases shown in table 5.4, 
other than those with the highest web slenderness, the 
collapse pressure achieved the full yield load, or were 
within a few percent of it. Significant reductions in 
capacity were noted for all cases where the web 
slenderness equalled 30. Figure 5.3 shows curves of the 
lateral web tip displacement at the peak load for 
different web and flange slendernesses for a ring spacing 
of 0.10 and a shell slenderness of 100. The curves clearly 
show that web tip displacements increase significantly for 
a web slenderness somewhere between 25 and 30 and that the 
flange slenderness does not have a clear influence on the 
lateral behaviour of the stiffener. There therefore seems 
clear justification for raising limit 2 to a value of 25 
for a stocky shell. The requirement for the flange 
slenderness appears to be highly conservative and a higher 
value could be adopted. 
Figure 5.4 shows the web tip displacements at peak 
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load for a shell slenderness of 200. In this case the 
results are difficult to interpret. The first thing to 
note is that the web tip displacements are generally 
higher. This implies that the more significant deflections 
in the shell or the weakening of the shell support for the 
stiffener has a weakening effect on the lateral stiffener 
response. For a web slenderness of 25, the web tip 
displacement peaks and examination of the detailed 
deflection patterns indicate that this is primarily due to 
the fact that tripping of the stiffener occurred and was 
the primary cause of failure. No tripping was evident in 
the cases with dW/tw equal to 20 or 30. 
Figure 5.5 shows the web tip displacement at peak for 
a higher ring spacing, 0.20, and a shell slenderness of 
100. Again these curves show no clear trend in behaviour, 
apart from the fact that the shell mode is probably 
interacting with the stiffener behaviour. However, from 
the detailed deflection results, for a web slenderness of 
20, the failure appears to have been initiated by 
torsional behaviour of the stiffener, with little or no 
shell action. Interestingly some torsional interaction 
with shell behaviour is evident for dG, /t,, =15 while beyond 
20, the shell displacements begin to increase and the 
stiffener response reduces. This explains the drop in 
stiffener displacements at the peak load but emphasises 
the very complex interaction between shell and torsional 
modes. 
It was thought at first that for more slender 
geometries the applied stress would be too low to cause 
any destabilising effect on the stiffener within the 
outstand slenderness range examined, as the shell would 
buckle at a significantly reduced load level. However, for 
the cases shown, this does not appear to be the case and 
there does appear to be a need to be more conservative 
with regard to the stiffener web slendernesss for both a 
higher shell slenderness and ring spacing. There must 
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however, be a point at which the reduction in stiffener 
support from the shell is outweighed by the reduction in 
applied stiffener stress caused by shell buckling. 
Any relaxation in the web limit can therefore only be 
interpreted for the stockiest of shells and realistically 
the limit of 20 seems appropriate and even possibly a 
little generous for the practical shell range. 
5.3.2 Comparison with DnV classification notes 
5.3.2.1 Flat bar rings 
The requirement for flat bar ring frames is the same 
as that given for flat outstands in stiffened panels, i. e 
w 0.4 E 
tw vy 
which gives a value of 11.45 for cy =250 NIMM 2. Figure 5.6 
shows the effect of increasing the web slenderness on the 
web tip displacement at the peak load for a shell 
slenderness of 100 and 200. The results clearly show that 
no significant lateral displacements occur at a web 
slenderness of 15, indicating that the requirements may be 
slightly conservative. Also, for a shell slenderness of 
100, the full yield capacity of the stiffener was achieved 
for the web slenderness of 15 although for the 200 case 
only 92% was achieved. Beyond this web slenderness, large 
displacements occur, the values being larger on the whole 
for the 200 case, indicating that the more slender shell 
may be offering less restraint to the stiffener. 
Figure 5.7 shows the effect of increasing the ring 
spacing on the web tip displacement for a shell 
324 
slenderness of 100. Increasing the ring spacing clearly 
increases the lateral displacement of the stiffener for 
the 15 case, indicating that the current requirements may 
be satisfactory for more slender shells. 
5.3.2.2 Tee bar rings 
The classification rules give two seposrate 
requirements which relate to the geometry of the 
stiffener. The first is given in section 4.5.6 of the 
rules which relates to a torsional buckling requirement of 
the ring frame and the second in section 4.7.2, relating 
directly to local buckling of the stiffener. 
Condition 4.5.6 gives the following restrictions on 
the web and flange proportions 
dw <_ 1.35 
Q tw 
Y 
bS >- 
7 dW 
lO+Edw 
a 
if the torsional buckling stress used in determining the 
inertia is to be taken as the yield stress. Other values 
can be adopted if the torsional buckling stress 
is 
determined by the procedure given in section 4.5.8 of the 
notes. 
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Clause 4.7.2 requires the web slenderness to be 
limited by 
dw-< 
0.6667 
RAS`' 
tw d f°y 
and the flange eccentricity by 
of 
0.333 
Rw 
tw dAf 
For the cases investigated, table 5.7 shows a summary of 
these recommendations. Considering 4.5.6, it can be seen 
that a web slenderness of 38.66 is allowed for the 
material properties adopted. From the results of the 
finite element analysis shown previously, this appears to 
be excessive( section 5.3.1.1 suggests 20 as a reasonable 
value). The second web requirement does not appear to 
limit this as it becomes quite large. 
For the flange, 4.5.6 is not always satisfied for the 
geometries adopted, however this minimum value may be 
altered if a different critical buckling stress to yield 
is adopted in the inertia expression. 
The flange eccentricity requirement given by 4.7.2 is 
satisfied in all cases. 
In general, the web requirements appear to be too 
optimistic and the recommendations given by the rules seem 
more realistic. 
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5.3.3 Comparison with pressure vessel code (BS5500) 
5.3.3.1 Flat bar rings 
Two limits are given for the slenderness of the web. 
The first limits the web slenderness to 16 if it is welded 
to the shell and the second to 10 if the flat bar 
stiffener is free to rotate. This brings into question the 
restraint offered to the stiffener by the shell. It has 
already been mentioned that a web slenderness of 15 for a 
shell slenderness of 100 appears to be satisfactory in 
that it achieves the full load capacity of the section. In 
this case it is likely that considerable restraint will be 
offered to the stiffener by the shell. This web 
slenderness may also be satisfactory for a shell 
slenderness of 200 as this case did not show any 
significant lateral distortion at the peak load. It is 
also worth noting that the correlation with the mechanism 
developed in chapter four, together with the use of an 
elastic loading line for the stiffener, assuming both 
clamped and hinged support to the shell, showed that far 
better correlation was achieved with the clamped condition 
for the range of stiffener slendernesses examined. This is 
shown in figures 4.58 and 4.59 of chapter four, which show 
the correlation of the finite element and mechanism 
results for a clamped and hinged shell stiffener boundary 
respectively. 
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5.3.3.2 Tee bar rings 
For tee rings, three requirements are given to 
prevent torsional buckling. The first of these is the same 
as the inertia requirement given in the DnV rules, i. e 
EI 
Z 
AORz } ýY 
The web slenderness limit is restricted by 
dw 500 
tw 
V" 
This limits the web slenderness to 
element results already discussed, 
slightly unconservative. 
The final restriction is on 
limited to 
bf 240 
tf ýKyy 
31. From the finite 
this appears to be 
the flange. This is 
This gives a value of 15 for the yield stress adopted. 
This appears to be a realistic requirement based on the 
results obtained. 
5.3.4 Kendrick design approach for flat bar rings 
Kendrick[5.1] has developed a design approach for 
determining elastic tripping pressures for flat bar 
stiffeners, assumed to be simply supported to the shell. 
From theory established by Kendrick[5.2], it is possible 
to establish the. series of curves shown in figure 5.8 from 
the theory which establishes elastic tripping stresses. A 
series of curves have been established for a different 
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number of circumferential waves of the torsional buckling 
mode, n. The mean circumferential stress causing elastic 
instability in a tripping mode can be determined given the 
parameters of the stiffened shell. The buckling pressure 
is then evaluated from 
Qk 
Pk =Q7 PYs 
where Pys is obtained from equation 17 in BS5500[5.3]. For 
comparison with the results presented here it was decided 
to adopt the curve corresponding to the lowest buckling 
pressure, i. e the n=2 curve. In fact in the nonlinear 
finite element analysis, four half-waves were adopted for 
a shell slenderness of 100 and 6 for the more slender 
shell. The results for the series of shells investigated 
are given in table 5.8. The pressure predicted by 
Kendrickis approach required to cause tripping is compared 
with results from a linear eigenvalue analyses and the 
nonlinear finite element analysis. 
The pressures predicted by Kendrick appear to be 
highly conservative compared with the elastic predictions 
and do not provide a realistic indication of outstand 
torsional failure for most of the cases examined, apart 
for a few of the stocky stiffener examples. In some cases 
the predictions are less by more than 50%. This again 
suggests that the restraint offered to the stiffener is 
significant and that the simply supported idealisation is 
very poor. 
5.4 CONCLUSIONS 
A brief review of current design codes used in the 
offshore industry has been carried out in order to 
investigate the requirements given with regard to the 
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torsional behaviour of outstands in flat and curved 
panels. 
For plain flat outstands in stiffened panels, most of 
the requirements appear to be reasonable. The slenderness 
limits given do not appear to show a high degree of 
conservatism considering the unstable nature of a tripping 
failure in the post peak region highlighted in the finite 
element analyses. The allowance of a more slender outstand 
when it is attached to stocky plating in BS5400 appears to 
reflect the behaviour noted in the analyses and resulting 
values are reasonable. The DnV allowance for flats is 
slightly more conservative than the bridge code but the 
results show no justification for this. 
For flat bar rings, BS5500 appears to give the most 
rational slenderness limit of 16. The DnV classification 
notes give a more conservative limit which could be 
relaxed. The preclusion of the use of flat bar rings in 
the 1977 DnV rules through the specification of a 
transverse inertia seems unnecessary. 
For straight tee stiffener sections, only a limited 
study was carried out. However it was found that up to a 
web slenderness of 30, no indication of any problems was 
experienced. For the panels adopted, BS5400 allows a web 
slenderness of 36, whereas the DnV classification notes 
give a limit of 38.70. There is no evidence therefore to 
support that the current limits are unreasonable. One of 
the supplementary requirements in BS5400 for short 
stiffeners seems unreasonably conservative in certain 
circumstances but there are doubts about interpretation of 
the applicability of this clause. 
For the tee bar rings, the 1977 DnV rules do not 
appear unreasonable except that few of the geometries 
analysed satisfy transversee inertia requirement which 
therefore seems unnecessarily conservative. The web 
slenderness limits in the DnV classification notes appear 
generous and torsional behaviour was noted at values 
lower 
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than the limits specified. The web limits in BS5500 are 
also slightly on the unsafe side compared with the finite 
element results. 
It shoud be noted that the recent recommendation 
document produced by the American Petroleum 
Institute[5.4], has no specific guidance relating to the 
local or torsional buckling of stiffener outstands. 
It can be concluded that while the guidance for both 
flat and tee bar stiffener outstands is in general 
reasonable, there are instances where individual clauses 
seem unduly conservative and also where torsional buckling 
occurs in the finite element analyses for geometries 
within the specification limits. The latter is notably the 
case for the webs of tee bar stiffeners within the DnV 
classification notes. 
What is readily apparent, however, is the random 
nature of the provisions with some standardisation in the 
way simple slenderness limits are defined but a wide 
diversification in the form of supplementary requirements, 
for example for minimum flange widths or transverse 
inertias. Rationalisation of these supplementary 
requirements is clearly desirable. 
It was originally hoped that, when assessing the 
results, there would be scope for relaxing slenderness 
limits for slender geometries where panel failure loads 
were significantly lower than the yield stress. However, 
the evidence from the analyses indicates that the 
benefit 
for the stiffener inherent in the lower applied stresses 
is more than compensated by the loss 
in rotational 
restraint provided to the stiffener accompanied 
by a 
degree of torsional destabilisation 
imposed on the 
stiffener by enhanced panel deflections. The geometries 
analysed in the study therefore suggest that 
there should 
be no increase in slenderness limits for 
higher plate and 
shell slendernesses and indeed that 
limits could be 
increased for the stockiest geometries. 
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This comment does not, of course, apply to situations 
where the applied stress is, for some reason, 
significantly lower than the failure stress of the 
associated structure, but in this situation there seems 
little rational point in providing additional flexibility 
in the stiffener slenderness restrictions. 
The results which have been used to assess the design 
rules are therefore limited in scope. The complexity of 
the problem combined with available resources have limited 
the geometries that could be considered. Shell 
slendernesses were limited to R/ts values of 200 for 
example because program control proved virtually 
impossible beyond this slenderness where overall and 
stiffener buckling modes were interacting. This reinforces 
the unstable nature of the buckling phenomena encountered. 
The range of parameters examined, however, give reasonable 
indication of response for much of the range of geometries 
encountered within normal design. 
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b/tp d. /t. lp/Rg Qu/Qy 
Plate 
edge 
Stiffener 
edge 
20 10 27.53 0.907 0.928 
60 10 53.85 0.560 0.868 
90 10 94.46 - - 
20 15 16.78 0.900 0.922 
60 15 32.01 0.556 0.814 
90 15 55.32 - - 
20 20 11.82 0.856 0.913 
60 20 22.26 0.558 0.800 
90 20 37.92 - - 
Table 5.1 Summary of peak 
supported panel 
loads for simply 
model. 
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d,. /b. b, /t, b/tp dw/t.. b/tv (a,. /355) d/b, tp/t,. d,. /t., NJN, 
0.673 5 20 10 16.78 0.721 0.707 25.00 0.980 
0.825 5 20 15 16.78 0.872 0.860 26.00 0.970 
0.950 5 20 20 16.78 1.000 1.000 27.40 0.965 
1.060 5 20 25 16.78 1.110 1.120 28.50 0.960 
1.170 5 20 30 16.78 1.214 1.225 30.50 0.940 
Table 5.2 Summary of Geometric parameters of tee section and ultimate panel loads. 
br/tr a., /t., b. 
(mm) 
tr 
(mm) 
dý 
(mm) 
tM 
(mm) 
IPO 
(mm') 
Ic 
(mm') 
i. 
(mm') 
Q« 
(N/mm2) 
5 10 525 50 353.55 35.36 5.24E9 2.78E7 6.04E8 940.68 
5 15 525 50 433.01 28.87 7.81E9 2.57E7 6.04E8 772.34 
5 20 525 50 500.00 25.00 9.22E9 2.57E7 6.04E8 731.67 
5 25 525 50 559.02 22.30 1.20E9 2.41E7 6.03E8 700.54 
5 30 525 50 612.38 20.41 1.41E9 2.38E7 6.30E8 711.98 
Table 5.3 Summary of geometric properties of tee stiffeners examined and torsional 
critical stress values obtained from DnV Rules. 
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R/tg 1$/R d,., /t,, bf/tf Ao 
(mm2) 
z 
(mm) 
IZ (mm4) 
Lateral 
Stiffener 
Inertia 
EI2 
A0Rz 
P/Py 
100 0.10 15 5 1.26E5 712.33 18.20E7 83.22 1.030 
10 1.26E5 712.05 27.23E7 124.56 1.020 
15 1.26E5 711.92 36.03E7 164.93 1.010 
20 1.26E5 711.34 44.76E7 204.81 1.004 
25 1.26E5 711.78 53.40E7 244.36 1.000 
100 0.10 20 5 1.26E5 829.19 21.40E7 84.06 1.077 
10 1.26E5 828.61 35.51E7 139.58 1.016 
15 1.26E5 828.40 49.35E7 194.04 1.005 
20 1.26E5 828.25 63.06E7 247.98 1.000 
25 1.26E5 828.12 76.68E7 301.60 0.998 
100 0.10 25 5 1.26E5 933.70 24.81E7 86.55 1.023 
10 1.26E5 933.12 44.82E7 156.45 1.000 
15 1.26E5 932.85 64.52E7 255.28 0.994 
20 1.26E5 932.69 84.06E7 293.55 0.986 
25 1.26E5 932.57 103.50E7 361.49 0.976 
100 0.10 30 5 1.26E5 1029.6 32.23E7 102.00 0.904 
10 1.26E5 1028.65 58.92E7 186.57 0.830 
15 1.26E5 1028.31 85.40E7 270.50 0.789 
20 1.26E5 1028.10 111.30E7 352.61 0.784 
25 1.26E5 1027.97 137.30E7 435.04 0.769 
Table 5.4 Summary of results obtained for cases examined 
together with inertia requirement given by DnV 
Rules. 
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R/t6 is/R du, /t,, bf/tf Ao 
(mm2) 
z 
(mm) 
IZ (mm°) 
Lateral 
Stiffener 
Inertia 
EIZ 
A0Rz 
P/P 
200 0.10 15 5 32.85E3 363.91 12.39E6 42.49 0.904 
10 32.85E3 363.76 18.55E6 63.47 0.858 
15 32.85E3 363.70 24.56E6 84.28 0.901 
20 32.85E3 363.66 30.50E6 104.67 0.908 
25 32.85E3 363.62 36.37E6 124.83 0.904 
200 0.10 20 5 32.85E3 423.61 14.58E6 42.96 - 
10 32.85E3 423.39 24.19E6 71.31 - 
15 32.85E3 423.29 33.62E6 99.13 0.927 
20 32.85E3 423.23 92.96E6 126.68 0.919 
25 32.85E3 423.14 52.23E6 154.05 - 
200 0.10 25 5 32.85E3 476.99 17.90E6 46.84 0.825 
10 32.85E3 476.70 31.53E6 82.55 0.850 
15 32.85E3 476.57 44.95E6 117.72 0.852 
20 32.85E3 476.48 58.26E6 152.60 0.865 
25 32.85E3 476.43 71.50E6 187.30 0.821 
200 0.10 30 5 32.85E3 543.54 81.94E6 188.15 0.879 
10 32.85E3 542.25 158.00E6 363.66 0.838 
15 32.85E3 541.89 233.80E6 538.48 0.749 
20 32.85E3 541.45 308.80E6 711.79 - 
25 32.85E3 541.19 383.69E6 884.84 0.782 
Table 5.5 Summary of results obtained for cases examined 
together with inertia requirement given by DnV 
Rules. 
337 
R/t$ 1g/R d,, /t. bf/tf A. 
(mm2) 
z 
(mm) 
IZ (mm' ) 
Lateral 
Stiffener 
Inertia 
EI2 
A, Rz 
P/P 
100 0.2 15 5 66.31E3 517.0 50.5E6 60.36 0.849 
10 517.0 75.6E6 90.40 0.855 
15 517.0 10.0E6 119.72 0.852 
20 517.0 12.4E7 148.65 0.865 
25 517.0 14.8E7 177.35 0.863 
100 0.2 20 5 66.31E3 602.0 59.4E6 61.01 0.838 
10 601.0 98.5E6 107.27 0.846 
15 601.0 13.7E7 140.83 0.843 
20 601.0 17.5E7 179.94 0.836 
25 611.0 25.3E7 256.39 0.833 
100 0.2 25 5 66.31E3 678.0 72.9E6 66.55 0.912 
10 677.0 12.8E7 117.28 0.875 
15 677.0 18.3E7 167.26 0.871 
20 677.0 23.7E7 216.79 0.866 
25 677.0 29.1E7 266.10 0.865 
100 0.2 30 5 66.31E3 719.0 19.3E6 16.60 0.869 
10 719.0 26.1E6 22.44 - 
15 719.0 32.7E6 28.12 0.902 
20 719.0 39.3E6 35.75 - 
25 719.0 45.8E6 39.34 0.852 
Table 5.6 Summary of results obtained for cases examined 
together with inertia requirement given by DnV 
rules. 
338 
i 
ýiEti' ... 5ti 
: ý. 
In O LA aD in o U1 o IA tt 0 a yý n 0 N t! 1 n O N O n o N cp Ü\ oo &n .ý n a0 in .i O a0 u1 . . 0% 
o( A 1 "-4 t N I m 1 fn 1 .4 I N 1 M 1 ko I . - N I M 1 . 1 
11 aD 0 %D It ON U1 %n M U) U" O" . ti A 
a 
n M .i M 1q -4 M .4 U1 
. 
- 1h d 
4) 
9 
CD 01 N . -1 m 01 (h N . -4 N CO U" 
a ±] 
d 
n I 
N 
CO I 
ON 
CO I 
D 
0% I 
CO 
M I 
N 
t 
In 
' 
0% 
%D 1 
d O i[1 0% 
ir) in 1 O I "D 1 %0 1 
N C) 
fT 
00 
n M 
-4 
10 
n CO .i . -4 ON N O 'O 0" n r-1 n N Lt co 0% GD at 1D N . -1 1(1 N . -1 %. 
A 
" 
M 
d0 " 
N 
In 
0% 
" 
N 
. 
Go 
" 
N 
d 
%D 
" 
a, 
I " 
r1 
d 
" 
. 
wO 
o . 
M . -1 00 
d " 
ý0 
n " 
" 
d " -I 
-4 -4 O 1[1 O, N N O OD rl CO 10 IA O 
D 
c0 O 
. -1 W 
4+ %O "-'1 kD d n M d N d .i d . -1 d d ill .ý It . "/ In ". { %o 1(1 
'-1 It Ln "O ýp 0 CU I'D OD %0 n 'D CO %D O %D N 10 d 'O N ýC n O %D %0 CO O "-1 %o o o O o 0 %D " D " %D " 'o 0 %0 " ' ýn ' In ýo n A n it d OD O) OD o CO I CO P1 CO M 00 %0 CO M OD .i OD n CO o ED OD Op . -1 00 
T 
. 
3. M .i m 00 M n M D M -i M rI M rl M %D M rl M M O1 M N 
A Ill d N 0 in d N M 1(ý a N 'p 7 41 0 N OD V 0 N OD 111 %0 N CO in 1ý \ %9 N N M ýQ N N en ýp N s N 
U " 
.Q Gl I .a I N 1 N 1 M I .ý 1 N I N I u1 1 .ý 1 N I N 1 . -I 
º1 O M O M O N N M O N in to 
A O O Oý O r1 iD N a0 aD n M 10 
4J M In tN d d 0 N '0 00 0 %D N Ua n d 0 %O d co e-1 N co d CA U1 
"C .Q %D I n I co 1 00 1 M I M I d I %D I d I 111 I In I M I 
N 
C7 [O d . -1 n 00 . -1 "1 0% N O %0 0% M IT n N %O n rl 1, "-1 Ifl CO 0 OD d %O -4 .4 M N . -1 d G co u" OD ". o. d O' . -1 d N d N 
A M tN 0% N CO N W a% -I %D m . -1 co %0 %o . -I co 
"-1 . -i O In 01 N N d %O %0 c0 -I CO I .D IA O c0 O . -1 o 1-1 %0 %0 %D d n M V N d "-1 d . -4 d d it . -1 It . -4 U1 . -4 %0 1! 1 
ON d M 111 ýD rl 
%o n %D to w Ln %D %D %O 0 '0 N %D 'O 0 AD Qý %D Cl) %D %D '0 n 
O r/ O O C D O D "D ýO " '40 0 D % %D Ill %D n A . CO . . . . . . . UI . d . IT . . . M . CO . . . . N O 00 n 00 M 00 M CO %D 00 M 00 rl n OD M 0 .l 01 3 M . -1 M co m n M tD M 14 M ri M . -1 M %D M -4 M r-1 M 01 M r 
b d OD ýD o d o %D o d d 
7 d Q1 o n N . -1 O1 N N .i 01 0 w I I I M I c0 1 d I O I M I %D I d I O' I I In 
ä 
N N .1 .y N d 14 11 N .i 
. -1 0 in M D (n lf) (14 n %0 It tD N 
A n Ln M d N M OO 00 O, .i CO 1ý 
41 01 O d N . -1 N Oý V n 
1 N I -1 1 CD 1 
« U CO In O in O m in V N n - 0 
41 .c Ul %D n n M e'1 M l(1 sf d 1l1 M 
'i Ä N 00 N . -1 n W i ,,, t "-1 co 
O, co N O 'D CA M ' n co %D V S OD . -4 n 0, Ill , d, Q1 0, d ýp d rl r N ý, V co ( 
A M O n " N N . 0% d rl %' 
w M co %0 O ý0 O rl 
1-4 . -1 i 
to %D 0 d N M N N 
0 co 
'i 
OD d -4 1"1 
IA 
-4 
OD 
'i 
i Ln 
I.. %D %D %D n v d V' U1 in in P0 
%0 %0 'D N W N kO M 'O N "D W M %D OD %D 
O " CO "O d %D w 
A 0 n . rl %D O %D O %0 
O W N 0 '! %D 01 %D %D 
N %D 1(1 %D n 
A 
3: C0 a n co M o M co CO m C0 10 0ý W 
Ö 00 "-1 00 Oý 
M 
p 
M CO M n M %O f"1 %D M (n M 1-4 M %D 
1 
M M M 01 M n 
-4 ' , -4 1 "1 -4 
1-4 V' CO M It co M OA d CO M %D 
11 d f'1 M 
M d M M d d M M 0 
\ 1 .i I A I Cý 
ý1 
11 1 in 1 O% I n I . ti I It 01 I N 41 
"-1 .i rl 
N 
r-1 .1 .4 M "-1 r4 _4 _I 
In %D m t[1 to M 0 n O ýD n 
A N Ul in r4 d rl r1 M CO OD O 0 
4) " o 
t w 1 .+ 
I o o I Un 1 n n 
I to I O 
1 N 1 ýo 
U ON M OD N In n 01 d In 01 N Ill 
.4 d If LA %o N N N d M M d 
N 
0 
_4 41 00 r4 N CO . -i O . --1 n 01 n N 
O O %D Ot m 
t3) n O M N lý .I M N 0, Ul O+ v O ýO .i N M 
d . -t 
C " pý Cp o " " . -1 " CO 
b M O N N d 
N 
N M N y 
.ý 
0 "p CO ,ý 
M 
CD 
co 
rl 
tD 
l(1 O CO O rl 1[1 .. -1 
W 
r4 
0 
1fl 
"D 
o O' 
%D n d d -4 st -4 U) '. 
4 l(1 in w 
'D O 'D 'O %0 n %D CO %D 
O w O 1o 1! 1 'D 
O ND d ^ 
10 
.A %o 
1; %o O %o m ID rn %D °i %o 'ý; %D 'd; %0 0% %0 
°D "c 1 %0 % " %D n 
3: Cp CU n 00 N CO N f0 
- - - O a1 
p r O 0 
M m co m n M %0 M (" en cl "' r M %D f'1 
r M M ON M n 
1"4 
A) 'p 
d M N %0 
N 
d 
U1 
M 
M . -1 
'D 
n 
'O 
l[1 
m 
M 
M 
M 
JJ 
\ I 
n 
n 1 
iL1 
O 1 
M 
M 
ri 
n I 9 I M 1 I n 1 O 1 M I W 
" C) O 0 M .4 N 
O 11 11 0 
rl O d n 
n U1 01 N IA It rl 
-1 
O 
O 
d 
0 
10 .1 co M co 
d %D d 10 O . 
A "1 N 
I O I n d 
1 O 1 & I O 
I N I 
O 
I 
O 
I 
Go 
I 
C) %D O% M It CO 0 r-1 N 
N 
M 
%O 
N 
C 
N m r1 
14 M d d . -4 
N 
4) co -4 t, CID n N 
N N O n 
w O 
01 
N n d "-1 
m r, 0 t0 N I,, N N n m N N m 00 
c 
to r4 n 
ON 
N 
a" N %" M O co 1 ý %o in O %D co O . -1 .1 ' 1l1 
_4 1.1 
O 
in 10 a% d N M N %o -4 
CD 
'1 
co q, . - Ill 
" 1f1 111 ,,, 
t 
ý0 
w O 1-4 0 %O N d V d 
d 
%D ýn o o %b ID n 'v 
-, 'c %c ON %o ý ýc 'D -ý d 
o 
D 
0 
n 
Q D 9 10 o 'D 00 D OD %D I 1.0 %0 00 10 w %0 ; . 3 
p ö CO n N 
" 
m M 
M 
'"1 " M 
CD O 10 M 
1; 
ON 
Cý 
M 
a 
n p 
M M tp M n r M 10 m M -4 
M 
,,, ý -4 
M %0 1 f rl 
P1 
"-1 
0 
" 1D N %O N %D N W 
N %O N 10 N 10 N ýO N ýD 
N 10 N ý0 N ý0 N 
41 .4 "O n In n In r In n In h to n In r In N 
uý n ýn t- In n to n 
aC o Ui 
d d d d d d d < d d d d 
d d d d d a d d 
d d d d 
\ fl 0 U1 O 1fl 0 LM to 1 N 
In 
N M 
.. y N N M ei 
N N M 
4 1 - O 0 
0 
O 
O \ 0 
a , "1 "'I 
N 
0 0 
339 
N 
c) 
O 
C 
c O 
b 
U 
"r 
.r 
N 
N 
U 
O 
a) E 
E 
O 
U 
a) 
N 
O 
"r 
O 
O 
a 
a) DA 
C 
I 4- 
C 
eo 
c) 
O 
i 
E 
E 
N 
1 
tio 
R/tg lg/R d,, /t,, du, /R P,, s, EQN 
(1) 
Predicted Failure 
Pressure 
BS5500 Pk Pc 
r 
Pre 
100 0.10 10 0.223 19.37 34.94 64.43 15.09 
15 0.273 19.84 15.91 38.95 14.88 
20 0.315 20.26 9.14 25.50 13.73 
25 0.353 20.63 5.96 18.00 12.37T 
30 0.386 20.93 4.20 13.46 11.63T 
200 0.10 10 0.116 5.69 6.53 4.86 4.41 
15 0.141 5.75 3.67 4.90 4.00 
20 0.163 5.77 2.19 4.99 3.94T 
25 0.183 5.84 1.61 4.71 3.55T 
30 0.200 5.88 1.18 3.52 3.37 
Table 5.8 Summary of Shell parameters and predicted 
failure pressures. 
Pk = Kendrick tripping pressure 
Pcr = Critical pressure from eigenvalue analysis 
Pge = Ultimate failure load from finite element analysi 
T= Probable torsional failure 
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is ßs1= Stiffener len. th 
bs 50 bs = Total flange width 
ds = Depth of web 
is = Web thickness 
40 t= Plate thickness 
ays= Yield stress of stiffener 
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CHAPTER SIX 
CONCLUSIONS AND FUTURE WORK 
6.1 CONCLUSIONS 
Although a great deal of theoretical and experimental 
work exists on the behaviour of stiffened plates and 
shells, it is clear from the study presented that tripping 
of stiffener outstands has not been studied to the same 
degree as other failure modes. The main objective of the 
present study was to provide additional data in an area 
which will become increasingly important with the trend 
towards lighter and more efficient structures. This is 
particularly true in the offshore industry with the use of 
floating rigs as opposed to fixed structures where weight 
considerations become more significant. The finite element 
and plastic mechanism results presented in this thesis 
have provided information which can be used in a 
preliminary design stage as well as for assessing existing 
design rules. 
Using a fully nonlinear finite element package, 
outstand behaviour has been investigated in flat stiffened 
panels and stringer stiffened shells subjected to uniaxial 
compression and externally pressurised ring stiffened 
shells. 
For the flat panels stiffened with flat bar 
stiffeners, it has been shown that a tripping failure can 
produce a very unstable unloading response, even for 
stiffeners attached to stocky sections. However, there was 
no evidence to suggest that there was a dramatic reduction 
in load carrying capacity for a slender stiffener attached 
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to a stocky plate. With a more slender panel, the plate 
slenderness had a marked effect on the ultimate load 
capacity of the stiffened plate, with the shedding of load 
to the stiffener causing the whole assemblage to fail. 
Interaction effects were shown to influence the way in 
which the structure fails. For example, failure in which 
the panel buckles and the stiffener goes into tension 
eliminates tripping as a possible failure mode. However, 
there was little evidence to suggest that interaction 
between failure modes has a disastrous effect on the 
actual load capacity. The effect of boundary conditions on 
the longitudinal plate edge was also investigated by the 
use of two separate models. It was found that the overall 
tripping response was slightly less severe when additional 
lateral support was given to the stiffened panel. 
The use of a simpler model representing just the flat 
bar stiffener was also investigated in order to reduce the 
size of the computer model. It was found that for the more 
slender plates, the strength of the stiffener is 
overestimated. Also, the tripping instability shown by the 
stiffened panel models was not accurately represented in 
the individual stiffener response. However it was able to 
give some useful information regarding the effect of 
stiffener aspect ratio. For a stocky stiffener, increasing 
the aspect ratio did not influence the failure mode of the 
stiffener. Pure column buckling occurred. However, for the 
more slender stiffener, the torsional response of the 
stiffener was increased with increasing aspect ratio. 
However, there was no drastic loss in load carrying 
capacity resulting from interaction between column and 
torsional modes. 
The effect of attaching a curved plate to the 
flat 
bar stiffener had the effect of stabilising 
the panel and 
enhancing the ultimate load of the section. 
The curvature, 
however, was shown to have no significant effect on peak 
load due to torsional behaviour of the stiffener 
but the 
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post peak unloading was less severe. 
For the investigation of the ring stiffened shells, 
both a full nonlinear and a linear eigenvalue analysis 
were carried out to investigate the response of the 
structure. The eigenvalue analysis was used to establish 
critical imperfection modes to be used in the nonlinear 
analysis. The trends in the eigenvalue analysis indicated 
the effects of the various parameters investigated and 
gave a good indication of the slenderness regions where 
stiffener buckling becomes important. For a shell 
slenderness of 100 and a ring spacing of 0.10, the 
eigenvalue analysis indicated that increasing the web 
slenderness for both the flat and tee-bar rings caused a 
significant drop in the buckling load. The eigenvectors 
indicated that this was due to a reduction in the critical 
load value of the torsional buckling mode. This was not 
the case with the more slender shell, where shell buckling 
dominated behaviour for slender outstands. 
For the nonlinear analysis, the flat bar rings 
indicated tripping in some of the cases examined. For the 
stockiest case, R/tS=100, L. /R=0.10, tripping deformations 
occurred for a web slenderness of 10 and 15 but the full 
yield capacity of the section was still achieved. 
Increasing the stiffener imperfection for the flat- 
bar stiffeners, did not produce any drastic reduction in 
peak load. However, the effect of initial plasticity which 
could be induced by a large local dent was not considered. 
Also, the model investigated was stocky so no interaction 
effects are likely to have occurred. 
For the tee-bar stiffeners, tripping was obtained in 
the more slender shell cases examined. The displacement 
profiles obtained indicated that this tripping was the 
main cause of the initial failure of the shell. There was 
no drastic loss in load capacity with increase 
in web 
slenderness, again indicating that interaction effects are 
not extensive. 
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The unloading curves obtained from the shell response 
where a tripping failure was observed are not as severe as 
those obtained with the plate models under uniaxial 
compression. This is primarily due to the reduced 
imperfection sensitivity of shells under external 
pressure. 
A simpler analytical model based on plastic mechanism 
theory to describe the unloading behaviour of a tripping 
failure in a flat-bar ring stiffened shell under external 
pressure has been developed. This has shown good agreement 
with the more complex finite element analyses. Agreement 
was particularly good with the lateral stiffener response 
although the shell response was not accurately modelled 
because radial buckling effects were not incorporated. 
The development of an elastic loading line for both 
the shell and stiffener response also gave good 
correlation with the elastic portion of the finite element 
curve. The prediction of the peak load from a combination 
of loading and unloading curves was good for the stocky 
shell cases but disappointing for the more slender cases. 
Again this is probably due to the neglect of the shell 
buckling behaviour. For the stiffener response, two 
elastic loading lines were developed, one with the 
stiffener clamped to the shell and one for a hinged 
condition. The prediction from both responses strongly 
suggests that the true condition is close to the fully 
clamped case. 
The results obtained from both the finite element and 
mechanism results have been compared with BS5400, DnV and 
BS5500 codes of practice. In general, the guidance given 
by the codes seems satisfactory and not excessivey 
conservative. 
For plain flat outstands, BS5400 appears to give the 
more rational prediction with the DnV code giving a more 
conservative estimate. There seems no 
justification for 
this. 
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For flat bar rings, BS5500 appears to give the most 
rational slenderness limit. Again, the DnV classification 
notes give a more conservative estimate which could be 
relaxed based on the results obtained. 
The slenderness limits given for the tee-bar rings in 
the DnV rules appear realistic, although the requirement 
on the lateral stiffener inertia appears significantly 
conservative and this was not found to influence the 
response in a significant way. However the DnV 
classification notes appear to be potentially non- 
conservative. The web limits given in BS5500 also appear 
to be slightly non-conservative compared with the finite 
element analyses. 
Overall there is a significant variation in limits 
imposed by the rules and this emphasises the difficulty in 
defining accurate limits to local stiffener behaviour. 
With some exceptions code limitations, however, do not 
appear unreasonable. 
6.2 FUTURE WORK 
For flat panels there is scope to further investigate 
the response of both flat and tee-bar stiffeners by 
expanding on the range of parameters covered. In 
particular more slender stiffener outstands could be 
examined and the effect of column slenderness on outstand 
torsional buckling clarified. 
Further parametric studies are also needed for the 
ring stiffened shell models, particularly for the more 
slender geometries where considerable numerical 
difficulties were experienced. The use of a different 
nonlinear strategy to the one used 
in LUSAS could be 
investigated in these difficult areas. 
Although the plastic mechanism gave good results, 
refinements are required. An 
initial radial imperfection 
349 
needs to be allowed for in the model to be more realistic 
of actual behaviour. The incorporation of shell buckling 
effects should ideally be incorporated as this would 
improve the correlation with the shell response although 
a simple but approximate modelling of this effect may be 
very difficult to achieve. Also the model could be 
extended to incorporate tee-bar stiffeners and compared 
with the existing finite element results. 
Finally, there is a very real need for significant 
experimental work with realistic structural elements 
designed to investigate torsional behaviour with slender 
outstands but in which the full effect of interaction with 
the non-linear response of the surrounding structure 
reproduced. These would need to be extensively 
investigated in order to be able to separate effects and 
provide a true interpretation of the stiffener response. 
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